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In  197  0,  the  Raytheon  Corporation,  under  a  contract 
with  the  Federal  Highway  Administration,  conducted  prelimin- 
ary field  tests  on  two  types  of  moving  merge  control  systems 
at  a  freeway  entrance  ramp  on  Route  12  8  in  Woburn,  Massachu- 
setts.  The  tests  demonstrated  the  operational  feasibility  of 
both  systems,  and  established  a  driver  preference  for  the 
green  band  system  concept,  which  displayed  bands  of  light 
moving  along  the  ramp  corresponding  to  acceptable  gaps  avail- 
able in  the  freeway  traffic  stream  for  merging  vehicles. 

In  1972,  the  University  of  Florida  began  a  joint 
research  project  with  the  Florida  Department  of  Transporta- 
tion involving  the  installation  and  evaluation  of  a  green 


band  system  on  the  Ashley  Street  entrance  ramp  to  1-7  5  in 
Tampa,  Florida.   This  ramp  does  not  meet  current  geometric 
design  standards,  and  a  major  objective  of  this  project  was 
to  determine  the  feasibility  of  improving  the  operation  of 
such  sub-standard  ramps  with  a  moving  merge  control  system 
as  contrasted  to  the  traditional  approach  of  reconstruction. 

Modifications  and  improvements  to  the  Woburn  site 
hardware  and  software  used  to  install  the  Tampa  system  are 
described.   System  improvements  suggested  by  operational  ex- 
perience in  the  public  operation  of  the  Tampa  system  are  pre- 
sented, including  the  development  of  new  algorithms  for  on- 
line sensor  calibration,  green  band  propagation,  and  system 
mode  control. 

Techniques  developed  for  the  automated  performance 
evaluation  of  ramp  operations  under  the  direction  of  a  merg- 
ing control  system  are  described,  and  a  trade-off  analysis 
of  existing  system  functions  and  requirements  leading  to  a 
recommended  hardware/software  configuration  for  future  merge 
control  systems  is  presented. 


vi;i  ^  i 


CHAPTER  1 
AN  OVERVIEW 


Introduction 


Modern  traffic  engineering  practice  is  concerned 
to  a  large  extent  with  the  solutions  to  problems  arising 
from  freeway  congestion.   Among  these  problems  are  questions 
relating  to  the  diversion  of  vehicles  in  a  traffic  system 
to  achieve  balanced  operation  of  existing  facilities  and 
roadways  within  the  system,  regulation  of  traffic  flow 
characteristics  on  a  given  roadway  to  achieve  specified 
operating  characteristics,  and  methods  for  providing  assist- 
ance to  drivers  using  such  facilities  to  reduce  delays  and 
provide  additional  safety  margins. 

The  objective  of  providing  driver  assistance  has 
been  approached  in  freeway  systems  primarily  through  the  use 
of  ramp  control  systems.   Figure  1  presents  a  chart  of  the 
hierarchy  of  freeway  ramp  control  system  strategies  classi- 
fied  with  respect  to  the  sophistication  of  the  control 
algorithm  involved,  and  the  degree  of  driver  assistance  pro- 
vided to  the  ramp  driver  in  the  merging  maneuver  by  each 
system.   The  earliest  ramp  control  technique  simply  involved 
the  closing  of  certain  entrance  ramps  during  periods  of  peak 
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traffic  flow.   The  primary  concern  was  the  regulation  of 
total  freeway  traffic  flow  to  achieve  desired  operating 
conditions,  and  the  degree  of  assistance  to  ramp  drivers  in 
such  systems  was  minimal.   It  could  be  argued,  however,  that 
once  ramp  drivers  diverted  from  a  closed  ramp  were  able  to 
gain  access  to  the  freeway  by  another  route,  they  were  them- 
selves aided  by  the  overall  system  of  ramp  closures,  as  the 
freeway  traffic  flow  was  maintained  at  levels  consistent  with 
efficient  operation. 

The  next  category  of  ramp  control  systems  is  one 
involving  metering  of  vehicles  onto  the  freeway  from  an  en- 
trance ramp.   Early  systems  used  police  officers  stationed 
at  the  entrance  to  the  freeway  ramps  who  were  responsible 
for  allowing  a  certain  number  of  vehicles  per  minute  to 
enter  the  freeway.   The  goals  of  such  systems  were  to  reduce 
queueing  problems  in  the  merge  areas  associated  with  such 
ramps  and  to  prevent  congestion  at  the  freeway  entrance 
point  associated  with  the  ramp.   Advanced  systems  of  this 
type  typically  use  conventional  fixed-time  traffic  control 
equipment  to  establish  ramp  metering  rates  in  conjunction 
with  conventional  traffic  signals  to  alleviate  the  need  for 
human  personnel  stationed  on  the  ramp,  and  can  include  fea- 
tures which  make  these  systems  traffic  responsive,  that  is, 
having  the  capability  to  adjust  metering  rates  to  account 
for  different  observed  flow  patterns  on  either  the  ramp  or 


freeway  or  both.   Note  that  the  sophistication  of  control 
algorithm  in  ramp  metering  systems  is  of  necessity  somewhat 
higher  than  that  involved  with  the  ramp  closure  systems, 
which  simply  involved,  in  most  cases,  mechanical  barriers 
to  the  ramps  or  changeable  message  signs  indicating  that 
the  ramps  were  closed. 

Higher  on  the  sophistication  scale  are  the  so- 
called  stopped  gap-acceptance  systems  whose  operation  is 
depicted  in  Figure  2.   In  such  systems,  sensors  installed  on 
the  freeway  upstream  of  the  entrance  ramp  measure  gaps  in  the 
freeway  traffic,  and  activiate  a  conventional  traffic  signal 
on  the  ramp  at  a  time  projected  to  allow  the  ramp  vehicle  to 
enter  the  freeway  gap  when  it  reaches  the  merge  area.   Such 
systems  represent  an  attempt  to  fit  the  driver  into  avail- 
able freeway  gaps  directly,  and  thus  represent  a  considerable 
improvement  in  the  potential  for  providing  assistance  they 
offer  to  ramp  drivers.   A  shortcoming  of  gap-acceptance  sys- 
tems, however,  is  that  they  exert  no  control  over  the  driver's 
actions  once  he  has  left  the  control  signal  area.   Thus, 
assumptions  are  necessary  on  average  driver  performance  in 
the  acceleration  maneuver  between  the  time  he  leaves  a  sig- 
nal and  the  time  he  is  expected  to  reach  the  freeway  gap  and 
problems  can  arise  if  vehicle  trajectories  do  not  meet  the 
expected  characteristics. 


Figure  2.   Illustration  of  Sequence  of  Operations  in  a  Gap- 
Acceptance  Merge  Control  System 


To  achieve  additional  dynamic  control  of  ramp  ve- 
hicles in  the  merging  maneuver,  another  class  of  systems 
known  as  moving  merge  control  systems  has  been  developed, 
representing  additional  sophistication  in  the  control  algo- 
rithm as  well  as  an  additional  potential  for  providing 
driver  assistance  in  the  merging  maneuver.   In  these  sys- 
tems, gaps  in  the  freeway  traffic  are  detected  as  they  are 
in  gap-acceptance  systems,  but  are  then  used  to  operate 
displays  alongside  the  entrance  ramp  to  guide  the  ramp  ve- 
hicles into  the  freeway  gaps.   These  systems  provide  addi- 
tional information  to  the  ramp  driver  over  earlier  systems, 
as  they  are  typically  designed  to  display  a  pictorial  repre- 
sentation of  how  well  the  ramp  vehicle  driver  is  succeeding 
in  his  attempted  merging  maneuver.   Two  categories  of  moving 
merge  control  systems  tested  to  date  are  depicted  in  Figure 
1,  respectively  the  Pacer-type  system,  which  used  a  closed- 
loop  algorithm,  and  the  green  band  type,  which  was  an  ad- 
visory system  using  an  open-loop  control  strategy.   Each 
system  concept  will  be  reviewed  in  Chapter  2,  but  the  posi- 
tions of  the  systems  in  Figure  1  gives  an  idea  of  the  re- 
sults of  research  findings  relating  to  their  use.   The  green 
band  system  and  Pacer  system  both  represented  additional  as- 
sistance to  ramp  drivers  over  that  associated  with  earlier 
gap-acceptance  systems;  the  relatively  higher  degree  of  so- 
phistication displayed  in  the  Pacer  system  control  algorithm 


over  that  used  in  the  green  band  system  did  not  materially 
increase  its  utility  to  ramp  drivers  over  that  provided  by 
the  green  band  system. 

A  possible  future  direction  of  ramp -merging  control 
systems  research  is  that  pictured  at  the  top  right  of  Figure 
1,  which  represents  automated  vehicle  merge  control  systems 
using  on-board  computers  in  each  vehicle.   With  this  approach, 
information  on  freeway  gaps  is  processed  by  a  central  computer 
and  transmitted  to  a  controller  in  each  vehicle.   Then,  as 
a  vehicle  proceeds  down  the  ramp,  it  is  under  the  supervision 
of  this  equipment  and  the  ramp  driver  can  either  follow  con- 
trol instructions  displayed  in  the  car  or,  in  advanced  sys- 
tems, let  the  system  control  the  position  of  the  vehicle 
throughout  the  entire  merging  maneuver.   While  such  systems 
have  not  yet  been  demonstrated,  the  continuing  rapid  develop- 
ment of  computer  technology  and  solid-state  electronic  sys- 
tems makes  their  operation  technically  feasible  in  the  near 
future. 

Previous  Research 

A  considerable  body  of  literature  exists  on  the  sub- 
ject of  freeway  and  ramp  control  systems  and  related  areas 
of  concern.   Wattleworth  [1]  discussed  some  of  the  basic 
theoretical  considerations  in  the  operation  of  freeway  systems 
and  discussed  several  control  schemes  for  the  alleviation  of 


freeway  congestion,  including  a  method  of  using  linear  pro- 
gramming to  determine  the  optimum  metering  rate  of  vehicles 
entering  a  congested  freeway.   Drew  [2]  studied  freeway 
traffic  congestion  using  a  variety  of  mathematical  models  of 
freeway  traffic  flow  and  applied  the  results  of  this  work  to 
data  obtained  from  the  Gulf  Freeway  in  Houston,  Texas.   Early 
field  work  in  freeway  ramp  control  was  discussed  by  May  [3] 
who  treated  work  done  on  the  Congress  Expressway  in  Chicago 
involving  the  implementation  and  evaluation  of  ramp  closure 
and  ramp  metering  based  on  occupancy  measurements  taken  up- 
stream of  the  entrance  ramp,  and  by  Gervais  [4]  who  discussed 
work  done  on  the  John  C.  Lodge  Freeway  in  Detroit  involving 
ramp  closure  experiments  dating  back  to  1960.   Both  of  these 
approaches  involved  the  use  of  humans  in  the  control  loop  to 
make  the  appropriate  metering  decisions  and  did  not  attempt 
to  automate  the  control  process. 

In  1963  a  research  project  was  begun  by  the  Texas 
Transportation  Institute  sponsored  by  the  Texas  Highway  De- 
partment and  the  U.  S.  Bureau  of  Public  Roads  (now  the  Fed- 
eral Highway  Administration)  with  the  objective  of  "develop- 
ing a  criteria  for  the  design  and  operation  of  automatic  sur- 
veillances and  control  systems  which  would  permit  the  at- 
tainment of  acceptable  levels  of  service  on  heavily  traveled 
urban  freeways  during  peak  period  of  demand"  [5,  p. 2].  This  was 
the  beginning  of  a  period  of  intensive  research  activity  in 


ramp  control  theory  and  application  by  the  Texas  Transporta- 
tion Institute  throughout  the  decade  of  the  1960 's  and  re- 
sulted in  many  research  studies  which  have  contributed  mate- 
rially to  the  general  understanding  of  the  behavior  of  free- 
way traffic  systems  [6-18].   Ramp  metering  studies  on  the 
Gulf  Freeway  were  conducted  in  1964  using  police  officers 
stationed  on  the  ramp  as  the  control  element.   System  develop- 
ment continued  with  the  installation  of  traffic  signals  and 
associated  advisory  signs  on  eight  ramps  over  a  6.5-mile 
section  of  the  Gulf  Freeway. 

In  early  1966,  a  prototype  merging  control  system 
was  installed  on  the  Telephone  Road  Interchange  entrance  ramp 
on  the  Gulf  Freeway  using  a  hardware  controller  which  was 
traffic  responsive  and  completely  automatic.   This  special- 
purpose  analog  computer  was  one  of  the  first  examples  of 
hardware  developed  specifically  to  perform  the  control  func- 
tions of  a  merge  control  system.   The  equipment  had  the  capa- 
bility for  using  either  of  two  basic  ramp  control  strategies 
to  assist  in  the  merging  process.   The  first  of  these  was  the 
gap  acceptance  mode  of  control  which  searched  for  freeway 
gaps  upstream  of  the  merge  area  and  activated  a  traffic 
light  on  the  ramp  at  a  time  calculated  to  allow  the  ramp 
vehicle  to  arrive  at  the  merge  area  at  a  time  corresponding 
to  the  expected  time  of  arrival  of  the  freeway  vehicle  at  the 
same  location.   The  second  control  strategy  implemented  was 
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a  demand-capacity  mode  of  operation  which  adjusted  the 
metering  rate  of  a  ramp  signal  in  accordance  with  the  mea- 
sured freeway  flow  rate  upstream  of  the  entrance  ramp  loca- 
tion to  keep  the  total  freeway  volume  downstream  of  the  ramp 
at  or  below  freeway  capacity  at  that  point,  thus  reducing 
the  probability  of  freeway  congestion  developing  at  that 
location. 

Hardware  development  continued  in  the  Gulf  Freeway 
Project  with  the  installation  of  first-generation  production 
controllers  based  on  the  earlier  prototype  hardware  in  Oc- 
tober, 1967,  and  improved  second-generation  controllers  in 
November,  1968.   The  latter  generation  projected  gaps  in  the 
freeway  traffic  based  on  the  measured  speed  of  the  lead  ve- 
hicle of  the  freeway  gaps  rather  than  on  the  speed  range  of 
the  average  freeway  vehicle  speed  as  was  the  case  with  their 
first-generation  counterparts.   These  units  automatically 
selected  one  of  four  sets  of  detectors  on  the  freeway  to  use 
for  gap  projection  based  on  the  prevailing  freeway  speed  at 
the  time.   Capabilities  were  also  provided  for  multi-vehicle 
merges  and  for  monitoring  the  travel  time  of  a  vehicle  re- 
leased from  the  ramp  signal  to  account  for  trucks  and  other 
slow  moving  vehicles  which  did  not  clear  the  merge  area  in 
the  expected  time.   Given  that  such  a  condition  was  detected, 
the  system  could  then  hold  the  ramp  signal  in  red  until  the 
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previous  vehicle  had  cleared  the  merge  area,  thus  providing 
an  additional  safety  factor  in  the  merging  operations. 

In  July  of  1967,  an  IBM  1800  process  control  com- 
puter was  installed  in  the  Gulf  Freeway  Control  Center  to 
provide  a  capability  for  research  into  methods  of  "system" 
control  of  the  freeway  as  opposed  to  the  individual  ramp 
control  that  had  been  possible  with  the  special  purpose 
single-ramp  controllers.   Experimentation  was  begun  with 
computer  control  of  the  ramps  in  March  of  1968.   Two  factors 
associated  with  the  use  of  the  digital  computer  as  a  ramp 
control  system  led  the  researchers  to  the  hypothesis  that 
"even  isolated  entrance  ramps  can  be  better  controlled  with 
digital  equipment"  [17,  p.  38].   These  factors  were  (1)  the 
ability  to  change  the  control  philosophy  of  a  digital  process 
controller  by  simply  changing  the  stored  program,  and  (2) 
the  fact  that  the  process  inputs  and  outputs  associated  with 
a  ramp  control  system  are  themselves  digital  signals,  e.g., 
the  system  inputs  are  in  the  form  of  relay  contact  closures 
from  the  detectors  in  the  field  and  the  control  signals  to 
be  sent  to  the  field  are  in  the  form  of  on-off  commands  or 
discrete  state  change  commands  to  the  various  ramp  signals 
and  displays. 

Research  work  on  other  freeways  was  proceeding  in 
parallel  with  the  initial  development  work  on  the  Gulf  Free- 
way in  Houston.   The  Michigan  Department  of  State  Highways 
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and  the  U,  S,  Bureau  of  Public  Roads  had  sponsored  earlier 
research  on  the  John  C.  Lodge  Freeway  in  Detroit.   This  proj- 
ect evolved  into  a  multi-state  cooperative  effort  called  the 
National  Proving  Ground  for  Freeway  Surveillance,  Control, 
and  Electronic  Aids  [11] .   Formal  research  work  of  the  Na- 
tional Proving  Ground  ended  in  1966  and  the  American  Associ- 
ation of  State  Highway  Officials  assumed  the  sponsorship  of 
the  project  on  the  Lodge  Freeway  placing  it  in  the  National 
Cooperative  Highway  Research  Program  (NCHRP) .   The  program 
was  designated  NCHRP  Project  20-3,  and  began  on  December  16, 
1966,  with  the  Texas  Transportation  Institute  serving  as  the 
research  agency.   Previous  work  done  at  the  site  had  included 
the  installation  of  television  cameras  and  an  automatic  de- 
tection system  for  monitoring  of  the  freeway.   A  Control  Data 
Model  8090  computer  was  installed  with  sufficient  capacity 
for  controlling  eight  ramps  on  the  downtown  Detroit  area  using 
both  the  gap  acceptance  and  demand  capacity  control  modes. 
The  control  strategy  for  the  system  was  based  on  the  linear 
programming  technique  developed  by  Wattleworth  [1]  and  modi- 
fied for  use  in  an  online  control  strategy.   The  linear  pro- 
gramming model  determined  for  each  five-minute  control  period 
the  optimum  metering  rates  on  each  of  the  entrance  ramps  in 
the  controlled  area.   With  the  control  system  in  operation, 
a  significant  improvement  in  the  operational  efficiency  of 
the  freeway  system  was  observed,  including  a  reduction  in  the 
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average  travel  time  of  a  vehicle  through  the  8, 5-mile  free- 
way section  during  peak  periods  from  29  minutes  to  17  minutes 
[11,  p.  23] . 

Research  continued  in  advanced  merge  control  sys- 
tems at  the  Texas  Transportation  Institute  for  the  next  few 
years  including  the  development  and  testing  of  the  first 
"moving  merge"  ramp  control  system  [16] .   Traditional  ramp 
control  systems  have  as  a  primary  objective  the  reduction  of 
freeway  congestion  in  periods  of  peak  demands.   A  secondary 
objective  of  such  systems  is  to  assist  the  individual  ramp 
vehicle  drivers  in  carrying  out  their  merging  maneuvers.   Gap 
acceptance  systems  can  accomplish  both  objectives  by  detect- 
ing acceptable  gaps  on  the  freeway  and  attempting  to  fit  the 
ramp  vehicles  into  these  gaps.   During  periods  of  peak  demand 
the  ramp  vehicle  arrival  often  exceeds  the  availability  of 
acceptable  freeway  gaps  and  it  becomes  necessary  to  delay 
ramp  vehicles  until  suitable  gaps  are  available.  However,  in 
off-peak  conditions  there  are  typically  more  freeway  gaps 
available  than  there  are  ramp  vehicles  to  fill  them;  there- 
fore, stopping  every  ramp  vehicle  as  a  part  of  the  ramp  con- 
trol algorithm  can  introduce  unnecessary  delays  to  the  ramp 
vehicle  traffic.   Therefore,  a  basic  design  goal  for  moving 
merge  control  systems  is  to  achieve  the  matching  of  ramp  ve- 
hicles and  freeway  gaps  without  the  need  for  stopping  all 
ramp  vehicles. 
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The  Texas  Transportation  Institute  prototype  moving 
merge  control  system  was  designed  to  test  the  technical  fea- 
sibility and  driver  acceptance  of  the  moving  merge  concept. 
Tests  were  conducted  on  a  simulated  entrance  ramp  marked  out 
on  a  concrete  runway  of  the  Texas  A&M  University  Research  An- 
nex.  Four  standard  three-face  traffic  signals  were  used  as 
the  control  element  alongside  the  ramp.   They  were  placed  at 
150-foot  intervals  with  the  first  signal  600  feet  from  the 
nose  of  the  ramp.   The  signals  were  controlled  by  a  standard 
fixed  time  signal  controller  with  the  cams  arranged  to  provide 
the  desired  timing  sequence  for  the  lights.   An  advisory 
speed  sign  was  placed  on  the  ramp  525  feet  upstream  of  the 
nose  between  the  first  two  signals.   The  indication  on  this 
sign  was  changed  manually.   The  radio  communication  system 
was  used  to  transmit  freeway  speed  information  to  the  ramp 
vehicle  driver.   Tests  were  conducted  and  evaluated  on  the 
basis  of  whether  the  ramp  vehicle  had  been  placed  in  an  ac- 
ceptable position  for  the  merging  maneuver  or  not.   A  con- 
stant gap  for  the  simulated  freeway  vehicles  of  4  seconds 
was  used  for  all  test  runs.   Drivers  of  the  leading  and 
trailing  cars  of  the  freeway  gap  were  instructed  to  maintain 
a  given  velocity  and  spacing  vehicle  trajectory  data  were  ob- 
tained by  loop  detectors  placed  on  the  ramp  acceleration  lane 
and  outside  freeway  lane.   Loop  actuation  data  were  recorded 
and  used  to  prepare  time-space  diagrams  for  each  merge.   The 
feasibility  of  the  moving  merge  concept  was  demonstrated  by 
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the  experimental  runs  conducted.   In  one  series  of  tests 
the  ramp  drivers  were  placed  in  a  position  to  merge  success- 
fully 70%  of  the  time  and  in  another  series  using  an  instru- 
mented vehicle,  the  success  rate  was  better  than  50%.   Rec- 
ommendations were  made  for  installation  and  testing  of  a 
moving  merge  control  system  on  an  actual  freeway  entrance 
ramp  to  test  the  concept  under  real-world  conditions.   This 
recommendation  led  eventually  to  the  systems  designed  and 
implemented  by  the  Raytheon  Corporation  which  are  discussed 
later  in  this  paper. 

A  number  of  researchers  reported  work  in  what  might 
be  called  the  systems  area  of  ramp  control  from  1966  to  the 
present  [19-33].   Weiner  [22]  modeled  the  velocity  profiles 
of  freeway  shoulder  lane  and  ramp  merging  vehicles  as  stochas- 
tic processes,  and  developed  a  method  of  computing  the  opti- 
mum instant  of  release  of  a  ramp  vehicle  in  a  gap  acceptance 
control  system  to  insure  the  maximum  probability  of  its  ar- 
rival at  the  merge  area  in  synchronization  with  the  freeway 
gap.   Yagoda  and  Pignataro  [25]  developed  relationships  be- 
tween merging  capacity  and  system  parameters  for  several  gap- 
acceptance  control  systems  operating  philosophies.   Klee  [33] 
developed  an  algorithm  for  synchronizing  ramp  vehicles  into 
freeway  gaps  based  on  a  consideration  of  the  interactions  be- 
tween the  freeway  vehicles  defining  a  gap  as  described  by 
car  following  theory. 
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Considerable  work  in  the  general  area  of  traffic 
flow  theory  exists  of  which  the  case  of  ramp  vehicle/freeway 
vehicle  interactions  in  the  merging  process  is  a  subset. 
Much  of  the  early  work  in  this  area  [34-37]  concerns  the  dy- 
namics of  vehicle  movement  under  free  flow  conditions.   Jones 
and  Potts  [38]  developed  what  has  become  a  widely  used  param- 
eter for  the  description  of  the  quality  of  vehicle  flow  along 
a  roadway.   They  suggested  the  use  of  a  quantity  called  "ac- 
celeration noise,"  defined  as  the  root-mean  square  value  of 
the  average  acceleration  experienced  by  a  vehicle  over  a 
period  of  time.   Conceptually  a  vehicle  with  a  low  accelera- 
tion noise  may  be  considered  to  be  operating  under  conditions 
of  smooth  traffic  flow,  and  conversely,  a  vehicle  with  a  high 
acceleration  noise  is  typically  in  a  situation  where  the 
operations  of  other  vehicles  have  a  great  effect  on  its  own 
motion.   Other  researchers  [39-55]  have  treated  other  areas 
of  traffic  flow  theory.   As  is  the  case  with  other  scientific 
disciplines,  much  research  work  has  been  devoted  to  specific 
problems  in  areas  and  no  general  unified  theory  of  traffic 
flow  has  yet  been  developed  which  will  account  for  all  of 
the  conditions  of  vehicular  traffic  flow,  density,  and  speeds 
experienced  in  the  modern  traffic  environment. 

The  question  of  the  existence,  stability,  and  dis- 
tribution of  gaps,  defined  as  the  distance  in  space  or  time 
between  two  successive  vehicles  in  a  freeway  traffic  stream, 
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is  of  crucial  importance  in  the  design  and  operation  of  ramp 
merging  control  systems.   Oliver  [56]  discussed  basic  methods 
of  looking  at  the  statistical  flow  processes  that  generate 
the  observed  gaps  in  a  traffic  stream.   One  approach  was  to 
focus  one's  attention  on  the  major  stream  of  traffic  in  order 
to  then  study  a  variety  of  flow  and  storage  situations  that 
are  created  by  various  crossing  or  merging  traffic  streams. 
The  second  approach  was  to  formulate  the  statistical  process 
in  the  major  stream  of  traffic  in  terms  of  observed  condi- 
tions in  the  minor  stream,   An  example  is  the  wait  of  a  ran- 
dom vehicle  arrival  at  an  intersection  for  a  gap  of  a  cer- 
tain size  in  the  major  stream.   Solberg  and  Oppenlander  [57] 
treated  the  question  of  lag  and  gap  acceptances  at  stop- 
controlled  at-grade  intersections  in  a  paper  of  limited  use- 
fulness in  the  analysis  of  freeway  merge  control  systems, 
but  mentioned  here  for  its  interesting  discussion  of  the 
comparison  of  results  obtained  from  three  different  methods 
of  accumulating  the  information  on  rejected  and  accepted 
gap  distributions.   Drew  [58]  discussed  the  data  collection 
and  reduction  necessary  to  determine  the  gap  acceptance  and 
merging  delay  characteristics  for  the  six  entrance  ramps 
to  be  controlled  in  the  Gulf  Freeway  Surveillance  and  Control 
Project  mentioned  earlier.   Merging  vehicles  were  classified 
into  two  groups,  (1)  those  in  which  the  driver  rejected  gaps 
before  finally  accepting  the  gap,  and  (2)  those  in  which  the 
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driver  of  a  ramp  vehicle  accepted  the  first  gap  observed 
at  the  merge  area.   The  former  was  referred  as  stopped  ve- 
hicles and  the  latter  as  moving  vehicles.   The  critical  gap 
for  stopped  vehicles  was  found  to  be  some  20%  higher  than 
that  for  moving  vehicles.   In  addition,  he  concluded  that 
the  "critical  gap,"  defined  as  a  gap  whose  probability  of 
acceptance  is  0.5,  for  the  merging  maneuver  from  an  entrance 
ramp  is  independent  of  the  freeway  volume  but  was  apparently 
affected  by  ramp  geometries  and  ramp  control  measures. 
Queueing  theory  was  used  to  derive  expressions  for  average 
waiting  time  for  a  ramp  vehicle  before  merging  and  the  ex- 
pected queue  length  on  the  ramp  waiting  to  merge.   Applica- 
tions of  the  derived  data  controller  settings  for  ramp  con- 
trol systems  were  discussed.   Miller  [59]  presented  a  com- 
parative study  of  selection  of  nine  different  methods  for 
analyzing  gap  acceptance  data.   Pahl  [60]  used  data  from 
aerial  photographs  to  determine  the  average  space  and  time 
sizes  of  accepted  gaps  and  gap  maneuvers  for  exiting  freeway 
vehicles  close  to  their  intended  off-ramp  and  for  through 
vehicles  as  a  function  of  the  distance  from  the  off-ramp. 
Again,  while  this  paper  is  of  limited  usefulness  in  the  anal- 
ysis of  on-ramp  control  systems,  it  is  interesting  with  re- 
spect to  the  insights  it  provides  into  the  behavior  of  free- 
way vehicles. 
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The  important  question  of  the  "stability"  of  a  free' 
way  gap,  which  can  be  defined  as  the  probability  that  a  gap 
measured  at  a  certain  size  will  remain  that  size  at  a  point 
downstream  of  the  initial  observation  point  was  treated  in 
some  detail  by  Buhr  [61],  and  Munjal,  Hsu,  and  Lawrence  [62], 
The  first  paper  developed  regression  equations  for  gap  size 
downstream  of  a  given  freeway  location  as  a  function  of  the 
initial  size  of  the  gap  when  first  observed  and  of  the  speed 
of  the  gap  when  first  observed.   The  latter  paper  develops 
analytical  expressions  for  errors  in  gap  production  and 
speed  estimation  from  experimental  data  obtained  from  aerial 
photographs.   The  analyses  discussed  include  the  effects  of 
differing  sensor  scan  rates  and  detector  location  on  the  gap 
size  predictions.   Consideration  is  also  given  to  the  rela- 
tive accuracy  of  single-loop  detectors  versus  double-loop 
detectors  for  the  gap  prediction  process.   The  usefulness  of 
the  previous  two  papers  related  directly  to  the  question  of 
the  type  and  number  of  detectors  to  be  used  in  a  freeway 
control  system  to  achieve  some  given  level  of  gap  prediction 
accuracy . 

Results  from  the  classical  queueing  theory  of  opera- 
tions research  are  often  useful  in  the  design  of  a  freeway 
control  system  as  they  can  give  some  indication  of  relative 
expected  system  performance  characteristics  as  a  function  of 
various  control  parameters  as  mentioned  earlier  in  the  Drew 
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paper  [58],  Other  researchers  who  have  treated  the  highway 
merging  process  as  a  queueing  system  include  Evans,  Herman, 
and  Weiss  [63],  Jewell  [64],  and  Marcus  [65], 

Since  merge  control  systems  use  information  on 
freeway  vehicles  to  control  the  movements  of  ramp  vehicles, 
it  is  important  to  consider  how  these  data  were  obtained.   A 
number  of  researchers  have  studied  the  question  of  detector 
performance  in  the  literature.   Stern  [66]  considered  the 
use  of  magnetic  loop  detectors  embedded  in  the  road  surface 
to  collect  data  on  vehicle  characteristics.   Christensen  [67] 
discussed  the  use  of  a  computer  and  vehicle  length  detectors 
at  signalized  intersections.   While  this  work  does  not  re- 
late directly  to  freeway  vehicles,  it  is  of  use  in  the  com- 
putation of  ramp  vehicle  queues  and  delays,  which  may  serve 
as  control  inputs  to  advanced  freeway  ramp  control  systems. 
Detector  accuracy  is  discussed,  and  testing  procedures  re- 
viewed, in  a  report  by  the  Sperry  Rand  Corporation  [68]. 
Courage  [69]  discusses  electronic  measurements  of  traffic 
variables  on  a  multi-lane  freeway  using  a  combination  of 
sonic  detectors  and  optical  detectors  to  measure  traffic 
stream  parameters.   Gazis  and  Foote  [70]  present  a  calibra- 
tion technique  for  magnetic  loop  detectors  using  vehicle 
data  obtained  from  optical  presence  detectors  as  a  basis. 
Gordon,  Dodge,  and  Scott  [71]  discuss  the  surveillance  as- 
pects of  a  computer  controlled  traffic  system,   Although 
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the  paper  is  concerned  with  Washington,  D.  C,  Urban  Traffic 
Control  System,  it  is  nevertheless  interesting  from  the 
standpoint  of  its  discussion  of  the  transmission  of  vehicle 
sensor  data  over  leased  communication  lines,  and  its  treat- 
ment of  techniques  for  the  correction  of  instrumentation 
bias  errors.   The  general  theme  of  sensor  error  analysis  is 
continued  is  confined  in  papers  by  Pahl  [72],  Huckins  [73], 
and  Mikhalkin,  Payne,  and  Isaksen  [74],   The  latter  paper 
treats  the  question  of  the  estimation  of  speed  information 
from  single-loop  detectors,  and  concludes  that  the  use  of 
estimation  techniques  based  on  the  processing  of  sensor  on- 
times  associated  with  the  passage  of  individual  vehicles 
rather  than  on  period  averages  can  reduce  the  errors  associ- 
ated with  computed  speeds. 

Research  Objectives 

The  University  of  Florida  began  a  research  contract 
with  the  Florida  Department  of  Transportation  in  1972  involv- 
ing the  installation  and  operational  evaluation  of  a  green 
band  type  moving  merge  control  system  on  the  Ashley  Street 
entrance  ramp  to  1-75  in  Tampa,  Florida.   The  scope  of  this 
dissertation  includes  the  following  areas  of  research  per- 
formed in  conjunction  with  this  contract: 

1.   Systems  analysis  and  design  engineering 
.  activities  performed  to  adapt  the  proto- 
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type  Woburn  site  hardware  and  software 
to  the  specialized  requirements  of  the 
Tampa  site,  and  to  correct  operating 
problems  experienced  with   the  earlier 
system. 

2.  The  identification  and  development  of 
computerized  techniques  for  ramp  system 
performance  evaluation  under  existing 
conditions  and  after  the  installation  of 
the  merge  control  system,  including  both 
the  on-line  recording  of  control  system 
sensor,  mode,  and  field  display  activity, 
and  the  subsequent  off-line  analysis  of 
such  data, 

3,  Consideration  of  improved  hardware  and 
software  design  factors  for  use  in  future 
implementations  of  moving  merge  control 
systems. 

Research  Profile 

Chapter  2  discusses  the  green  band  system  and  Pacer 
system  moving  merge  control  systems  originally  developed  by 
the  Raytheon  Corporation  and  tested  on  a  freeway  entrance 
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ramp  in  Woburn,  Massachusetts  in  1970,   Design  elements  of 
these  systems  are  reviewed  relating  to  the  need  for  changes 
in  the  later  Tampa  system, 

In  Chapter  3,  the  Tampa  Green  Band  System,  changes 
made  to  the  Woburn  system  hardware  and  software  used  to  im- 
plement the  green  band  system  concept  at  the  Tampa  site  are 
discussed.   These  changes  were  of  three  basic  categories: 

1.  Changes  required  by  the  Tampa  site 
geometry,  which  is  considerably  dif- 
ferent from  that  which  existed  at  the 
Woburn  ramp. 

2.  Corrections  made  to  known  and  antici- 
pated problems  in  the  Woburn  control 
programs. 

3.  Operating  improvements  which  represented 
extensions  to  the  capabilities  of  the 
Woburn  system. 

Chapter  4  discusses  various  techniques  devised  for 
the  analysis  of  the  Tampa  system   performance,  with  emphasis 
on  the  computerized  schemes  used  for  recording  data  on-line 
by  the  control  system,  and  for  the  subsequent  off-line  analy- 
sis of  this  information.   The  development  of  computer  soft- 
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ware  to  implement  these  functions  is  described ,  and  examples 
of  processed  system  operating  data  are  discussed. 

Chapter  5,  Design  Considerations  for  Future  Merge 
Control  Systems,  discusses  three  basic  areas,  including  known 
deficiencies  of  the  current  Tampa  system,  theoretical  re- 
quirements and  improvements  that  could  be  implemented  in  ad- 
vanced merge  control  systems,  and  the  development  of  stand- 
alone controller  hardware  packages  for  merge. control  systems. 

Conclusions  resulting  from  the  research  work  com- 
prising this  dissertation  and  suggested  areas  for  future  re- 
search involving  moving  merge  control  systems  are  discussed 
in  Chapters  6  and  7. 


CHAPTER  2 
BACKGROUND 


Prototype  Merge  Control  Systems 
Tested  in  Woburn,  Massachusetts 

In  1967,  the  Traffic  Systems  Division  of  the  Bureau 
of  Public  Roads  began  a  program  with  the  Raytheon  Company  to 
"study,  design,  and  fabricate  a  dynamic  merging  control  sys- 
tem, and  to  study  the  problems  of  adaptive  control  traffic 
flow  in  the  urban  freeway  corridor"  [75,  p.  108].   An  urban 
freeway  was  defined  to  be  the  freeway  itself  plus  as  many  of 
the  adjacent  arterial  streets,  both  parallel  and  perpendicu- 
lar to  the  freeway,  as  could  be  considered  to  be  supporting 
traffic  flow  in  the  same  general  direction  as  the  freeway. 
The  following  design  requirements  were  established  for  the 
hardware  to  be  developed  in  the  study  [75,  p.  109] : 

1.  Ramp  vehicles  were  not  to  be  stopped  unless 
absolutely  necessary. 

2.  Dynamic  control  over  ramp  vehicles  was  to  be 
used  to  regulate  the  time  of  arrival  at  the 
ramp  nose  of  the  merging  vehicle. 

3.  If  circumstances  caused  the  formation  of  a 
queue  on  the  ramp,  it  was  not  to  be  allowed 
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to  extend  back  to  the  city  streets  feeding 
the  ramp. 

4.  The  gaps  on  the  freeway  were  to  be  detected 
early  enough  to  initiate  a  controlled  merge. 

5.  The  merging  maneuver  was  to  be  monitored  and 
the  system  made  responsive  to  changes  such  as 
loss  of  the  freeway  gap  and  non-compliance  of 
the  ramp  vehicles  with  the  control  signals  dis- 
played by  the  system. 

6.  Perturbations  in  freeway  flow  (forced  merges) 
were  to  be  minimized. 

7.  The  system  was  to  keep  track  of  vehicles  on  the 
ramp  and  to  be  responsive  to  the  onset  of  con- 
gestion . 

8.  The  system  was  to  be  made  fail-safe. 

9.  The  system  was  not  to  require  a  human  operator 
for  normal  operation. 

Consideration  of  the  above  objectives  resulted  in 
several  differing  hardware  system  concepts  to  provide  con- 
trol of  a  ramp-side  driver  display  [76-85] .   Two  candidate 
display  concepts  were  designed  and  tested.   The  first  was 
based  on  a  closed-loop  control  configuration  and  referred  to 
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as  the  Pacer  system,  and  the  second  was  based  on  an  open- 
loop  control  system  strategy,  referred  to  as  the  green  band 
system.   Figure  3  shows  the  elements  of  the  Pacer  system. 
Seven  double-loop  detector  stations  were  placed  in  the  right- 
hand  lane  of  State  Route  128  near  the  town  of  Woburn,  Massa- 
chusetts, upstream  of  the  entrance  ramp  from  Route  38.   Com- 
munications wires  were  run  from  these  detector  stations  to  a 
Raytheon  Model  703  computer  located  in  a  control  center  in 
a  mobile  trailer  parked  near  the  ramp.   Freeway  detector  in- 
formation was  processed  and  used  to  project  a  single  moving 
green  light  alongside  the  left  side  guard  rail  of  the  ramp. 
This  information  was  displayed  on  78  single-lens  green  traf- 
fic signals  spaced  eight  feet  apart.   Eleven  double-loop 
detector  stations  were  used  on  the  ramp  itself  to  monitor 
and  track  the  progress  of  ramp  vehicles  as  they  moved  through 
the  system.   The  relationship  of  the  time-space  position  of 
each  ramp  vehicle  with  respect  to  its  pacer  light  was  moni- 
tored and  used  in  conjuction  with  the  reduced  freeway  data  to 
control  the  future  motion  of  the  pacer  light.   Thus,  the 
system  control  concept  used  in  the  Pacer  system  was  closed- 
loop  in  nature,  as  the  measured  information  on  the  position 
of  the  ramp  vehicles  was  fed  back  to  the  system  and  used  to 
update  the  prior  display. 

A  second  hardware  configuration  for  a  moving  merge 
control  system  was  evaluated  in  Woburn.   This  was  the  green 
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Figure  3.   Schematic  Diagram  of  the  Raytheon  Corporation  Pacer 
Moving  Merge  Control  System 
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band  system,  which  was  to  provide  no  direct  adaptive  control 
of  ramp  vehicles,  but  rather  was  designed  to  provide  a  visual 
indication  of  the  existence  of  the  acceptable  gaps  in  the 
freeway  traffic  stream  which  could  then  be  used  as  advisory 
information  for  vehicles  on  the  ramp.   Figure  4  shows  the 
Woburn  Green  Band  System.   The  same  sensor  configuration  was 
used  on  the  freeway  for  the  green  band  system  as  that  used  in 
the  Pacer  system.   The  sensors  on  the  ramp  were  left  in  posi- 
tion but  were  not  used  as  part  of  the  control  philosophy,  and 
no  information  was  provided  to  the  control  algorithm  on  the 
position  and  motion  of  ramp  vehicles  in  the  green  band  sys- 
tem.  As  the  green  band  system  concept  was  preferred  by  more 
of  the  drivers  using  both  systems  than  was  the  Pacer  [86]  ,  its 
use  was  recommended  in  future  merge  control  system  implemen- 
tations and  relevant  details  of  its  operation  will  be  de- 
scribed here  to  provide  a  framework  for  the  consideration  of 
the  Tampa  Green  Band  System  Project. 

Green  Band  System  Operating  Modes 

To  meet  the  requirements  for  responsiveness  to  the 
onset  of  congestion  mentioned  earlier  as  a  design  constraint 
in  a  freeway  ramp  system,  the  green  band  merge  control  algo- 
rithm used  in  Woburn  had  three  different  operating  modes. 
The  standard  mode  of  operation  was  the  so-called  moving  mode 
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Figure  4.   Schematic  Diagram  of  the  Raytheon  Corporation 
Green  Band  Moving  Merge  Control  System 


Source: 


[86] 
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(MM) ,  which  projected  moving  bands  of  green  light  along  the 
ramp  display  in  accordance  with  gaps  of  acceptable  length 
detected  on  the  freeway.   It  is  important  to  note  that  this 
was  an  open-loop  control  system,  and  that  the  motions  of  the 
ramp  vehicles  were  not  monitored  with  respect  to  providing 
information  to  the  control  system.   The  bands  of  light  on  the 
display  were  projected  in  accordance  with  available  gaps  only. 

With  the  onset  of  freeway  congestion  detected  by  a 
reduction  in  the  average  detected  velocity  of  the  freeway  ve- 
hicles at  the  last  sensor  station  upstream  of  the  merge  area, 
the  green  band  system  changed  to  a  stopped-gap  acceptance 
(SG)  mode  of  operation.   In  this  mode,  all  ramp  vehicles  pass- 
ing through  the  system  were  stopped  at  a  standard  traffic  sig- 
nal located  approximately  one-third  down  the  length  of  the 
green  band  display.   This  system  then  searched  for  an  accept- 
able gap  for  the  ramp  vehicle,  and  if  one  was  found,  released 
the  ramp  vehicle  by  turning  the  light  green  and  projecting  a 
green  band  of  constant  length  down  the  display  in  such  a 
fashion  as  to  guide  the  merging  vehicle  into  the  proper  posi- 
tion for  merging.   Provisions  were  made  to  release  the  ramp 
vehicle  from  the  light  without  an  accompanying  green  band  if 
a  specified  maximum  wait  time  in  the  red  phase  at  the  signal 
had  been  exceeded.   This  mode  of  operation  represented  an  im- 
plementation of  the  earlier  work  conducted  by  the  Texas  Trans- 
portation Institute  and  other  research  groups  in  the  area  of 
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stopped-gap  acceptance.   The  unique  feature  of  the  Woburn 
system,  however,  was  its  use  of  the  green  band  display  to 
guide  the  ramp  vehicles  to  the  merge  area,  as  the  earlier 
systems  had  no  means  of  controlling  ramp  traffic  other 
than  a  standard  traffic  signal  used  to  hold  vehicles  until 
a  suitable  gap  had  been  located  [87]. 

A  third  mode  of  operation  was  provided,  the  stop 
metering  (SM)  mode  of  operation.   In  this  mode,  ramp  ve- 
hicles were  stopped  at  the  traffic  light  on  the  ramp  and 
released  at  a  fixed  metering  rate  determined  by  constant 
values  in  the  control  program.   This  mode  of  operation  was 
entered  when  freeway  velocities  indicated  the  onset  of  heavy 
congestion  on  the  freeway  area,  and  was  similar  to  earlier 
work  in  fixed  time  metering  used  at  a  number  of  other  in- 
stallations involving  ramp  control  projects  [3] . 

The  system  had  a  fourth  mode,  representing  an  ini- 
tialization phase  which  was  entered  when  the  system  was 
initially  activated  each  day,  or  stopped  vehicles  were  de- 
tected in  the  ramp  merge  area.   This  consisted  of  a  15- 
second  period  during  which  freeway  vehicles  were  tracked 
to  establish  data  tables  for  subsequent  use  by  the  green 
band  program,  and  during  which  the  ramp  display  consisted 
only  of  a  flashing  amber  indication  at  the  stop  light  to 
indicate  a  proceed-with-caution  condition  to  the  ramp  ve- 
hicle drivers. 
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To  accomplish  the  objectives  of  automatic  operation, 
the  Woburn  Green  Band  System  was  given  the  capability  of 
automatically  switching  between  the  various  operating  modes 
in  response  to  the  changing  freeway  traffic  conditions. 
Sensors  downstream  of  the  merge  area  in  the  right-hand  free- 
way lane  were  used  to  measure  total  freeway  volume  across 
the  roadway.   Problems  were  encountered  with  reliability 
factors  involving  these  sensors  in  Woburn,  and  the  program 
logic  designed  to  switch  operating  modes  based  on  volume 
was  disabled,  as  will  be  discussed  in  the  next  chapter  on 
the  Tampa  Green  Band  System.   Control  logic  to  command  mode 
transitions  based  only  on  average  freeway  speeds  measured 
upstream  of  the  entrance  ramp  was  used  to  achieve  the  goal 
of  system  operation  without  human  intervention  during  normal 
conditions. 

Woburn  Green  Band  System  Operation 

A  flow  chart  of  the  computer  subroutines  in  the  on- 
line control  program  for  the  Woburn  Green  Band  System  appears 
in  Figure  5.   All  control  software  for  the  Woburn  Green  Band 
System  was  written  in  the  basic  assembly  language  code  for 
the  Raytheon  703/704  Series  Computers.   In  Figure  6,  the 
operational  task  of  each  program  is  outlined  in  the  sequence 
that  the  programs  are  called.   The  functioning  of  each  pro- 
gram is  discussed  below. 
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Figure  5.   Green  Band  System  Control  Software  Flow  Chart 

Source:   Green  Band  Design,  Vol.  VIII,  Merging 
Control  System  Final  Report,  Report  No.  ER7  0- 
4200,  Equipment  Division,  Raytheon  Company,  Sud- 
bury, Massachusetts,  October,  1970,  p.  4-2. 
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Executive  Subroutine 

The  executive  subroutine  schedules  the  calls  to  the 
individual  subprograms  making  up  the  green  band  software  sys- 
tem.  It  is  entered  at  the  time  the  program  is  first  turned 
on  or  restarted,  and  transfers  to  initialization  entries  at 
each  of  the  component  subroutines  to  set  up  data  tables  in 
preparation  for  the  next  run.   Then,  as  the  system  is  operat- 
ing, the  executive  program  is  interrupted  by  an  external 
hardware  clock  at  a  rate  of  500  times  per  second  (represent- 
ing a  cycle  time  of  0.002  seconds).   Upon  each  entry  to  the 
executive  from  an  interrupt,  the  first  action  is  to  call  the 
input  service  routine  (ISR)  which  is  co-located  in  core  with 
the  executive  program.   ISR  reads  four  input  words  from  the 
field  containing  the  loop  detector  data  and  prepares  tables 
of  time  reports  for  vehicle  crossings  at  these  sensors.   At 
the  end  of  input  service  routine  activity,  the  executive 
program  calls  the  data  logging  program  to  record  any  sensor 
changes  on  magnetic  tape  for  subsequent  off-line  analysis. 
The  executive  program  then  schedules  calls  to  the  various 
system  subroutines  by  comparing  their  next  scheduled  starting 
time  with  the  current  value  of  the  system  time  word,  and 
transferring  control  to  the  various  routines  if  appropriate. 
Thus,  in  practice,  the  executive  routine  has  no  input  or 
output  variables  of  its  own  except  timing  information,  and 
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its  outputs  are  simply  calls  to  the  various  subroutines  of 
the  green  band  system  in  the  proper  sequence. 

Input  Service  Routine 

The  input  service  routine  (ISR)  reads  four  16-bit 
data  words  containing  the  field  sensor  input  bits  from  an 
input/output  hardware  interface.   These  four  words  are  com- 
pared with  their  previous  values  (e.g.,  the  values  read  at 
the  last  interrupt)  and  any  bit-level  changes  are  processed 
individually  by  the  ISR.   Tables  of  data  are  maintained  for 
each  of  the  seven  freeway  sensor  stations.   When  a  new  sen- 
sor data  list  is  completed,  containing  times  of  entry  and 
exit  of  a  freeway  vehicle  at  the  detector  loops  in  a  station, 
a  flag  word  is  set  by  the  input  service  routine  to  indicate 
a  requirement  for  subsequent  processing  by  the  highway  ve- 
hicle processor  routine  (HVP) . 

Highway  Vehicle  Processor  Program 

Consider  the  scheme  used  by  Raytheon  to  identify 
the  time  of  vehicle  arrivals  and  departures  at  each  loop  of 
double-loop  velocity  sensor,  as  indicated  in  Figure  7.   Time 
T3  represents  the  time  at  which  the  vehicle  was  observed  to 
have  crossed  the  leading  edge  of  the  first  loop,  T4  repre- 
sents the  time  at  which  the  vehicle  was  reported  to  have  left 
the  first  loop,  Tl  represents  the  time  the  vehicle  arrival 
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T3 


T4 


Vehicle  Motion 


> 


Figure  7.   Illustration  of  Scheme  Used  by  Raytheon  for  the 
Identification  of  Double-Loop  Sensor  Event  Times 
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was  noted  at  the  second  loop,  and  T2  represents  the  time  at 
which  the  vehicle  was  reported  to  have  left  the  second  loop. 
The  distances  G  and  W  represent  respectively,  the  length  in 
feet  from  the  leading  edge  of  the  first  loop  to  the  leading 
edge  of  the  second  loop,  and  the  width  in  feet  of  the  second 
loop. 

The  input  service  routine  is  responsible  for  pro- 
cessing vehicle  sensor  event  data  into  tables  of  time  values 
for  each  sensor  which  then  serve  as  the  input  to  the  HVP 
routine.   Data  for  each  vehicle  passing  through  a  double  loop 
sensor  consist  of  a  sensor  status  word  indicating  the  cur- 
rent state  of  the  sensor  data  lists  (e.g.,  are  they  full, 
empty,  or  representative  of  a  vehicle  overdue  at  the  next 
sensor  downstream),  and  information  on  the  Tl,  T2  and  T3  val- 
ues for  the  current  vehicle  in  the  sensor.   Also  stored  is 
a  time  difference  A,  representing  the  transit  time  of  that 
particular  vehicle  from  the  leading  edge  of  the  first  sensor 
to  the  leading  edge  of  the  second  sensor.   The  processing  of 
completed  sensor  data  proceeds  as  follows: 

1.   The  time  of  vehicle  arrival  at  the  leading  edge 
of  the  second  loop,  as  represented  by  the  Tl 
data  value  passed  from  the  input  service  routine, 
is  stored  as  the  time  of  completion  of  the  sen- 
sor report  for  that  particular  vehicle. 
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2,  The  estimated  time  of  arrival  (ETA)  of  the  high- 
way vehicle  at  the  downstream  merge  point  is 
now  computed.   The  expression  for  this  value  is 
ETA  =  Tl  +  (A*S/G) ,  where  S  is  the  distance  from 
the  sensor  to  the  merge  point.   The  result  of 

this  calculation  is  ETA  „   for  the  current  ve- 

now 

hicle.   If  this  value  for  ETAnow  is  less  than 
that  for  the  ETA  computation  performed  for  the 
last  vehicle,  ETA     ,  the  assumption  is  made 
that  the  current  vehicle  is  moving  faster  than 
the  previous  vehicle,  and  an  application  of  the 
law  of  conservation  of  vehicles  is  made,  result- 
ing in  the  assumption  that  the  current  vehicle 
will  slow  down  to  avoid  overtaking  the  last  ve- 
hicle.  In  this  instance,  a  "highway  vehicle 
minimum  time  spacing"  constant  is  added  to  the 
previous  vehicle's  ETA  value  to  establish  the 
ETA  for  the  current  vehicle.   That  is:   ETAnow 

=  ETA-,     +  H,  where  H  =  0.8  sec.  in  the  Woburn 
last 

Green  Band  System. 

3.  The  velocity  of  the  freeway  vehicle  at  the  cur- 
rent sensor  is  computed  by  the  expression  V  = 
G/A  which  results  in  a  value  representing  the 
velocity  in  feet  per  second  for  the  vehicle.   If 
the  computed  value  for  this  velocity  is  greater 
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than  120  feet  per  second,  or  less  than  5  feet 
per  second,  the  assumption  is  made  that  the  cal- 
culations have  a  numerical  error  problem  for 
this  case  and  the  vehicle  is  ignored  until  it 
passes  the  next  sensor  downstream.   This  was  the 
factor  which  caused  the  Woburn  Green  Band  System 
to  break  down  in  terms  of  its  ability  to  accu- 
rately project  freeway  vehicle  motion  during 
times  of  heavy  freeway  congestion  and  associated 
low-speed  operation  [88]  . 

4.   The  vehicle  length  (in  time)  is  computed  for  the 
current  freeway  vehicle  by  using  the  expression 
L  =  (T2  -  Tl)  -  (w/V).   The  first  term  in  this 
expression  represents  the  occupancy  time  of  the 
vehicle  in  the  second  loop  of  the  freeway  sensor 
and  the  second  term  of  the  computation  repre- 
sents a  correction  factor  to  the  occupancy  time 
which  accounts  for  the  length  of  the  detector 
loop.   That  is  to  say,  the  freeway  vehicle  is  in 
the  second  sensor  loop  for  a  period  of  time 
equal  to  the  time  it  takes  to  travel  its  own 
length  plus  the  width  of  the  sensor  loop  divided 
by  the  velocity  of  the  vehicle  as  measured  in 
the  previous  calculation. 
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The  activity  of  the  highway  vehicle  processor  pro- 
gram represents  a  considerable  fraction  of  the  computing  work 
load  encountered  by  the  green  band  system  host  computer,  as 
will  be  evident  from  the  discussion  of  the  development  of  a 
simulation  of  this  program,  which  will  be  reviewed  in  Chapter 
5.   The  output  of  the  HVP  routine  is  a  table  of  values  for 
each  freeway  vehicle  in  the  area  upstream  of  the  merge  area 
monitored  by  the  sensor  stations  associated  with  the  system. 
Four  pieces  of  information  for  each  vehicle  are  stored  as 
outlined  above.   The  Tl  value,  the  ETA  at  merge  point  value, 
the  vehicle  length,  and  the  velocity  of  the  vehicle  for  each 
up  to  nine  vehicles  are  stored  for  each  sensor  station. 
Since  there  are  seven  freeway  sensor  stations,  this  repre- 
sents a  total  storage  in  the  table  of  7  x  9  x  4  =  252  words 
of  freeway  vehicle  information. 

Data  Logging  Subprogram 

This  routine  processed  sensor  data  and  system  mode 
information  into  blockes  of  data  for  recording  on  a  digital 
magnetic  tape  recorder  supplied  with  the  green  band  control 
system  hardware.   The  resulting  tapes  were  read  and  processed 
off-line  for  system  performance  evaluations.   Operation  of 
the  data  logging  program  was  controlled  by  sense  switches 
on  the  computer  control  panel. 
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The  data  logging  program  was  called  every  2  milli- 
seconds after  the  input  service  subroutine  had  finished  its 
duties.   The  data  logging  program  read  the  four  field  sensor 
status  words  from  the  interface  hardware  and  tested  each 
word  for  changes.   If  any  one  bit  or  group  of  bits  in  a 
word  had  changed  state,  the  entire  four-word  sensor  block 
was  stored  in  one  of  two  140  buffers  in  core.   In  addition, 
a  time  tag  word  was  read  from  the  timer  value  word  in  core 
and  stored  with  the  sensor  status  words.   When  the  buffer 
currently  being  written  into  was  full,  it  was  written  onto 
the  tape  by  a  tape  recording  subroutine.   In  the  Woburn  Green 
Band  System,  the  data  logging  subprogram  was  modified  from 
its  Pacer  counterpart  to  include  data  on  system  mode  status 
and  current  green  band  speed  with  the  other  information  re- 
corded. 

As  mentioned  above,  a  tape  recording  subroutine  in 
the  data  logging  subprogram  accomplished  the  transfer  of 
stored  buffer  data  to  the  tape  drive  unit.   In  addition,  af- 
ter every  fourth  sensor  change  the  status  of  the  driver  dis- 
play lights  was  stored  in  a  15-word  block  in  the  tape  out- 
put buffer  by  this  section  of  the  data  logging  program  logic. 
The  structure  of  the  140-word  data  buffer  as  recorded  on 
tape  was  as  shown  in  Figure  8. 
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Figure  8.   Data  Logging  Routine  Tape  Output  Format  for  Wo- 
burn  Green  Band  System 
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Green  Band  Status  Routine: 

Green  Band  Generation 

(Woburn  Constant  Ramp  Speed  Case) 


Green  bands  were  generated  by  the  Woburn  System 
control  program  in  the  following  manner.   On  each  entry  to 
the  Green  Band  Status  Routine  (GBS) ,  the  highway  vehicle 
sensor  lists  prepared  by  the  HVP  were  checked  to  see  if  any 
highway  vehicles  with  merge  point  ETA's  greater  than  the 
most  recent  time  of  entrance  to  GBS  were  in  the  lists.   If 
no  such  vehicles  were  found,  the  highway  segment  upstream  of 
the  ramp  extending  to  the  most  distant  sensor  location  was 
assumed  to  be  free  of  traffic,  and  the  entire  length  of  the 
green  band  display  was  turned  on  to  indicate  the  availability 
of  a  freeway  "gap"  whose  length  was  at  least  as  long  as  that 
of  the  display. 

Assuming,  however,  that  at  least  one  vehicle  was 
found  in  the  sensor  lists,  a  band  was  generated  by  taking  the 
first  vehicle  expected  at  the  merge  point  (the  one  whose  ETA 
at  merge  was  the  smallest  future  time)  and  using  this  vehicle 
as  the  trailing  highway  vehicle  for  the  first  band  on  the 
display  (the  one  nearest  the  downstream  end) .   The  leading 
edge  of  the  band  was  set  equal  to  the  length  of  the  display 
(640  feet  for  Woburn)  and  the  trailing  edge  placment  was 
found  by  the  expression 
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XTEFIRST  =  892  -  VMRG(ETAT  -  TIME  -    THDY) , 

where  8  92  is  the  total  distance  from  the  start  of  the  Woburn 
Green  Band  display  to  the  merge  point  in  feet,  VMRG  is  the 
current  green  band  speed  in  feet/second,  ETA   is  the  expected 
time  of  arrival  of  the  freeway  vehicle  at  the  merge  point  in 
seconds,  TIME  is  the  current  time  in  seconds,  and  THDY  is  a 
trailing  headway  allowance  representing  a  safety  factor  (1.2 
seconds  was  used  for  this  value  in  Woburn) .   If  the  first 
freeway  vehicle  ETA  was  small  with  respect  to  the  current 
time,  the  computed  trailing  edge  of  the  associated  band  may 
have  been  off  the  end  of  the  display.   If  this  was  in  fact 
the  case,  the  band  was  stored  in  a  green  band  output  table 
but  was  not  displayed.   The  band  speed  for  the  first  band 
was  set  equal  to  the  current  green  band  speed,  VMRG.   Green 
Band  Status  continued  to  search  the  highway  sensor  lists  for 
pairs  of  leading  and  trailing  vehicles.   If  any  given  ve- 
hicle ETA  at  merge  was  less  than  0.25  seconds  greater  than 
the  previous  vehicle,  the  assumption  was  made  that  these  data 
represented  a  downstream  vehicle  which  had  not  yet  been  re- 
moved from  the  current  sensor  list,  and  the  search  continued 
with  the  next  vehicle  in  the  lists.   If  a  vehicle  with  an  ar- 
rival headway  at  least  2  seconds  greater  than  the  previous 
vehicle  ETA  was  found,  the  measured  gap  between  these  vehi- 
cles was  computed  by  the  expression 
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MGAP  =  ETAT  -  ETAL  -  LENGTHL, 

where  ETAT  and  ETAL  represent  the  estimated  merge  point  ar- 
rival times  for  the  trailing  and  leading  vehicles,  respec- 
tively, and  LENGTH   represents  the  length  in  seconds  of  the 
lead  vehicle.   The  measured  gap  was  tested  against  a  "re- 
quired gap,"  whose  determination  will  be  discussed  in  the 
next  section  and  a  decision  to  establish  a  band  for  the  gap 
in  question  was  made  if  the  measured  gap  was  greater  than  or 
equal  to  the  required  gap  time  for  the  two  vehicles.   If  the 
decision  was  positive,  the  ith  intermediate  band  to  be  dis- 
played was  created  by  setting 

XLE.  =  892  -  VMRG(ETA   -  TIME  +  LHDY  +  LENGTH  ), 
1  L  L 

XTEi  =  XLE  -  (MGAP) (VMRG) ,  and 

VBANDi  =  CURRENT  GREEN  BAND  SPEED  (VMRG) , 

where  LDHY  is  a  leading  headway  allowance  safety  factor  (0.4 
seconds  in  Woburn) .   The  process  outlined  in  the  discussion 
above  was  repeated  until  all  pairs  of  freeway  vehicles  in  the 
sensor  lists  had  been  processed. 

When  the  last  vehicle  in  the  sensor  lists  was  en- 
countered, a  band  was  created  in  the  Green  Band  Table  with 
the  following  parameters 


XLE      =  892  -  VMRG (ETA  -  TIME  +  LHDY  +  LENGTH  ) 
LAST  L  L 
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XTELAST  *  ° 


VBANDLAST  =  VMRG' 


If  the  last  vehicle  had  a  large  ETA  at  merge  point  with  re- 
spect to  the  time  of  generation,  the  computed  XLE  value  could 
have  been  negative,  representing  a  band  whose  leading  edge 
would  not  be  on  the  physical  display,  and  thus  one  which 
could  not  be  displayed  to  the  field. 

Figure  9  shows  the  green  band  placements  on  the 
field  display  for  the  generation  of  the  first  band,  inter- 
mediate band  i,  and  the  last  band  to  be  created  in  a  given 
call  to  the  GBS  routine. 

Green  Band  Status  Routine 
Determination  of  an  Acceptable  Freeway  Gap 
Size  for  the  Green  Band  Launch  System 

Since  the  major  operational  mission  of  a  moving 
merge  control  system  is  to  match  ramp  vehicles  with  available 
gaps  in  the  freeway  traffic  stream,  some  method  of  classify- 
ing detected  freeway  gaps  into  the  two  mutually  exclusive 
categories  of  those  which  will  be  used  for  an  attempted  merg- 
ing maneuver  and  those  which  will  not  be  used  must  be  pro- 
vided.  One  technique  for  performing  this  selection  procedure 
is  to  consider  the  statistical  properties  of  the  gaps  ac- 
cepted and  rejected  by  drivers  at  a  given  ramp,  thus  estab- 
lishing a  "critical  gap,"  defined  as  the  size  of  a  gap  in 
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Figure  9.   Green  Band  Display  Element  Parameter  Defini 
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time  which  will  be  accepted  by  50%  of  the  drivers  using  the 
ramp.   Then,  in  the  on-line  control  system,  all  measured 
freeway  gaps  smaller  than  this  critical  gap  are  rejected  as 
unacceptable,  and  measured  gaps  greater  than  or  equal  to  this 
value  are  used  to  program  the  ramp  vehicles  into  a  merging 
position.   Typical  values  for  the  critical  gap  parameter  at 
freeway  entrance  ramps  are  in  the  range  of  2.0-4.0  seconds 
[44],  and  may  vary  with  changing  speed  and  flow  conditions. 
Note  that  this  critical  gap  value  represents  perhaps  the 
most  important  dynamic  ramp  control  system  operating  param- 
eter, and  its  value  should  be  carefully  selected,  as  values 
which  are  too  low  will  cause  ramp  vehicles  to  be  projected 
into  gaps  which  are  too  small  for  adequate  vehicle  separa- 
tions, creating  a  potential  safety  hazard,  and  values  for 
the  gap  acceptance  parameter  which  are  too  high  will  cause 
unnecessary  delay  to  be  imparted  to  ramp  vehicles  while  the 
control  system  is  attempting  to  find  gaps  of  the  larger  size 
on  the  freeway. 

Another  approach  for  classifiying  freeway  gaps  into 
acceptable  and  unacceptable  categories  is  to  consider  the 
relative  trajectories  in  time  and  space  of  the  vehicles  in- 
volved in  the  merging  process  at  the  instant  in  time  the  gap 
is  detected,  and  to  use  this  information  to  compute  a  re- 
quired gap  to  accomplish  a  safe  merging  operation  for  the 
vehicles  involved  (e.g.,  the  ramp  vehicle  and  the  leading 
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and  trailing  freeway  vehicles  defining  the  gap) ,   Then,  if 
the  required  gap  to  accomplish  the  merge  with  appropriate 
safety  margins  is  less  than  or  equal  to  the  current  measured 
gap  on  the  freeway,  the  current  gap  becomes  a  candidate  for 
use  by  the  merge  control  system.   If  the  required  gap  is 
greater  than  the  measured  gap,  the  current  freeway  gap  is 
rejected  by  the  merge  control  system  and  the  search  continues 
at  the  next  detected  gap.   This  latter  appraoch  was  used  by 
Raytheon  in  both  the  Pacer  System  and  the  Green  Band  System 
to  evaluate  freeway  gaps  for  acceptability  [83,  pp.  4-108], 
and  the  implementation  scheme  used  to  carry  out  this  proce- 
dure in  the  on-line  system  will  be  reviewed  here  to  establish 
the  framework  of  potential  improvements  to  the  Raytheon  green 
band  processing  logic  to  be  discussed  later  in  Chapter  5. 

The  required  freeway  gap  size  for  a  ramp  vehicle  in 
the  green  band  system  is  expressed  as  the  sum  of  two  terms: 

RGAP  =  HL  +  HT, 

where         RGAP  =  Length  of  required  gap  (in  seconds) , 


HL  =  Required  minimum  time  headway  between  ramp 
vehicle  and  leading  vehicle  of  the  freeway 
gap, 


and  HT  =  Required  minimum  time  headway  between  ramp 

vehicle  and  trailing  vehicle  of  the  highway 
gap. 
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The  components  of  the  required  gap  are  computed  in 
the  following  manner: 

HL  =  hl  +  V  +  h0 

HT  =   h2  +  h2«  +  hQ  +  L«, 

where        h,  and  h2  represent  headway  allowances  based 
on  the  relative  velocities  of  the  highway  ve- 
hicles defining  the  gap  and  the  ramp  vehicle, 

h, '  and  h2 '  represent  headway  allowances  to 
account  for  the  errors  in  predicting  freeway 
vehicle  arrival  times  at  the  merge  area  based 
on  point  estimates  of  vehicle  velocity  taken 
upstream  of  the  merge  area, 

hQ  represents  a  minimum  acceptable  freeway  gap 
threshold  time  (0.8  seconds  was  used  in  Woburn) , 

and  L1  is  the  length  of  the  ramp  vehicle  in  seconds. 

Recall  that  in  the  Pacer  System,  ramp  vehicles  were 
individually  tracked  by  the  on-line  control  program  under  a 
closed-loop  control  strategy.   This  supplied  the  control  pro- 
gram with  the  values  for  length  and  velocity  for  each  ramp 
vehicle  identified  as  L '  and  V   above.   In  the  green  band 
system,  however,  individual  ramp  vehicles  are  not  tracked  by 
the  control  system,  and  the  gap  calculations  are  performed 
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using  the  current  green  band  speed,  VMRG,  as  the  ramp  vehicle 
velocity  and  a  constant  representing  the  value  of  the  length 
(in  time)  of  a  vehicle  15  feet  long  is  used  for  the  length 
of  the  merging  vehicle  in  the  computations. 

Define  the  following  variables: 

V"L  =  Velocity  of  leading  freeway  vehicle 

V"T  =  Velocity  of  trailing  freeway  vehicle 

VMRG  =  Current  Green  Band  Velocity  (assumed 
velocity  of  ramp  vehicle) 

d  =  Assumed  vehicle  deceleration  =  4  feet/second2 

VQ  =  Assumed  velocity  at  which  a  vehicle  has  a 
zero  acceleration  capability  =  146.7  feet/ 
second 

a  =  Acceleration  capability  of  a  vehicle  moving 
at  zero  velocity  =  5  feet/second. 

Then,  the  equations  for  h1  and  h2  as  a  function  of 
freeway  vehicle  velocities  and  green  band  velocity  are  as 
shown  in  Table  1. 

As  indicated  earlier,  h '  and  h^ '  represent  addi- 
tional gap  requirements  based  on  uncertainties  in  the  measure- 
ment of  freeway  vehicle  merge  point  arrival  times  due  to  up- 
steam  velocity  measurements.   Raytheon  estimated  this  error 
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at  +2%  when  the  measurement  was  taken  at  the  freeway  detector 
station  located  1,600  feet  upstream  of  the  assumed  merge 
point  [76,  pp.  4-16], 

Let  ETAL  =  Estimated  time  of  arrival  of  leading 
freeway  vehicle  at  the  merge  point, 

ETAT  =  Estimated  time  of  arrival  of  trailing 
freeway  vehicle  at  the  merge  point, 

TIME   =  Time  of  sensor  report  for  leading  ve- 
hicle when  its  ETA   calculation  was  done, 

and  TIMET  =  Time  of  sensor  report  for  trailing  ve- 

hicle when  its  ETAT  calculation  was  done. 

Then,  the  Raytheon  expressions  for  freeway  vehicle 
ETA  measurement  error  correction  factors  were  as  follows: 
h^    =     (0.777)  (f  (V  )  )  (ETA   -  TIME  ) 

and  h2'  =  (0.777) (f3(VT) ) (ETAT  -  TIME  ) , 

where         f  (V)  is  defined  as: 

0.01,  V  >  88  feet/second 

f3(V)  =   0.01  +  ((88  -  V)/73.5),  14.7  feet/second 
<  V  <  88  feet/second 

0.10,  V  <  14.7  feet/second. 

This  completes  the  mathematical  specification  of  the 
components  of  the  required  gap  computation  equations. 
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Green  Band  Update  Routine: 
Green  Band  Propagation  Along  Field  Display 


The  appearance  of  motion  of  the  bands  of  light  on 
the  field  display  representing  acceptable  freeway  gaps  is 
achieved  in  two  ways.   First,  each  time  a  band  is  created 
by  Green  Band  Status  (GBS) ,  data  representing  its  parameters 
(leading  edge,  trailing  edge,  current  speed)  are  placed  in  a 
table  of  data  which  can  store  up  to  15  bands.   Another  rou- 
tine, Green  Band  Update  (GBUD)  is  then  called  to  update  band 
positions  and  display  them  to  the  field  hardware.   Updating 
is  done  every  10  milliseconds,  and  consists  of  applying  ei- 
ther 

1)   DX  =  V(At)  for  a  constant  speed  band, 


2)   V  =  VQ  +  a (At) ,  and 


DX  =  V(At)  +  l/2a(At)2,  for  an  accelerating 
band, 


to  the  stored  parameters  for  all  bands  in  the  table  before 
displaying  them  to  the  field. 

The  second  factor  at  work  to  achieve  band  movement 
is  the  band  generation  process  itself.   At  each  entry  to  GBS, 
the  green  band  table  band  count  variable  is  cleared,  effec- 
tively removing  all  current  bands  from  the  field  display  were 
the  table  to  be  displayed  at  that  instant  in  time.   This  pro- 
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cess  occurs  every  10  milliseconds,  and  continues  with  the 
creation  of  a  new  set  of  bands  in  the  output  tables.   If  new 
sensor  data  have  been  received  since  the  last  entry  to  GBS , 
new  band  positions  will  be  generated  for  the  gaps  previously 
positioned  on  the  field  display  during  the  last  call,  and 
similarly,  as  the  band  placement  formulas  use  the  variable 
TIME  in  the  computations  of  leading  and  trailing  edge  place- 
ments, each  call  to  GBS  will  result  in  new  band  positions 
even  if  the  sensor  data  base  has  remained  the  same. 

Thus,  the  two  distinct  processes  of  (1)  band  genera- 
tion, and  (2)  band  updating  and  display,  work  together  to  pro- 
vide the  apparent  forward  motion  of  the  green  bands  along  the 
display.   The  creation  of  a  new  band  table  every  10  milli- 
seconds does  allow  the  displayed  bands  to  represent  dynami- 
cally changing  gap  lengths  on  the  freeway,  but  does  give  rise 
to  certain  band  stability  problems,  which  will  be  discussed 
in  Chapter  5. 

Situation  Display  Subprogram 

This  routine  generated  the  control  signals  used  to 
drive  an  operator  display  board  in  the  control  center  for 
use  with  the  ramp  merge  control  systems.   The  board  consisted 
of  a  row  of  light  bulbs  representing  the  upstream  freeway 
outside  lane  traffic  for  both  the  green  band  and  the  Pacer 
systems,  and  rows  of  lights  representing  both  the  ramp  ve- 
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hides  and  the  pacer  lights  in  the  Pacer  system,  and  only 
the  green  band  display  element  in  the  Woburn  Green  Band  Sys- 
tem.  As  the  green  band  system  program  did  not  use  the  ramp 
vehicle  processing  subprogram  of  the  Pacer  system,  the  situ- 
ation display  board  control  program  did  not  have  information 
available  on  the  trajectories  of  ramp  vehicles  that  could 
be  used  to  drive  display  lights  representing  these  vehicles. 

Fault  Monitor  Subprogram 

This  routine  was  called  to  perform  various  computer 
arithmetic  and  sensor  performance  checks  on  the  ramp  control 
system  hardware  and  to  inform  the  operator  via  the  teletype 
supplied  with  the  system  of  potential  error  conditions.   Only 
the  11  ramp  sensors  and  7  highway  sensor  stations  in  the  Wo- 
burn installation  were  monitored.   Fault  tolerances  (e.g., 
what  percentage  of  vehicles  out  of  a  fixed  number  may  be 
missed  by  a  sensor  before  a  warning  is  printed)  were  param- 
eters in  the  control  program  which  could  be  adjusted  to  give 
the  required  degree  of  system  sensitivity  to  potential  error 
conditions . 

Green  Band  Velocity  and  Volume  Program 

This  routine  computed  the  average  highway  vehicle 
velocity  at  the  first  sensor  upstream  of  the  merge  area  in 
Woburn  taken  over  a  3-minute  averaging  period,  and  computed 
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the  combined  ramp  and  highway  traffic  volume  taken  downstream 
of  the  merging  area  across  three  freeway  lanes.   These  two 
averages  were  updated  every  10  milliseconds  upon  entry  to 
the  green  band  status  program  via  a  call  to  the  velocity  and 
volume  subprogram  if  required  due  to  sensor  activations  in 
the  previous  time  interval.   This  routine  operated  on  vehicle 
velocity  data  stored  in  core  by  the  highway  vehicle  process- 
ing program  and  also  directly  accessed  the  sensors  for  the 
downstream  volume  computations  by  reading  the  data  word  con- 
taining the  appropriate  bit  values  from  the  input/output 
hardware  interface. 

The  logic  used  to  perform  the  velocity  averaging 
over  a  three-minute  period  was  somewhat  unusual.   A  table  of 
600  words  of  core  storage  containing  the  velocities  and  times 
of  sensor  reports  from  freeway  vehicle  data  was  maintained. 
On  each  entry  to  the  velocity  volume  subprogram,  the  table 
was  searched  for  the  vehicles  included  in  the  previous  three- 
minute  averaging  period  and  the  totals  were  accumulated  based 
on  a  consideration  of  the  results  of  the  search.   This  ap- 
proach of  storing  past  data  in  a  relatively  large  block  of 
core  indicated  that  core  storage  space  was  not  a  critical 
problem  with  the  green  band  system  as  implemented  in  Woburn. 
Had  this  fact  been  a  problem,  the  averaging  procedures  could 
have  been  accomplished  through  some  form  of  exponential 
smoothing  to  alleviate  the  need  for  storing  past  data  values. 
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Woburn  Green  Band  System  Mode  Transition 

Recall  from  the  earlier  discussions  that  the  Woburn 
Green  Band  System  had  four  possible  operating  modes.   These 
were  initialization,  the  stop  metering  mode  (SM) ,  the  stopped- 
gap  acceptance  mode  (SG) ,  and  the  moving  mode  (MM) .   Also, 
as  indicated  earlier  the  system  had  an  automatic  capability 
for  changing  between  these  modes  in  response  to  evolving 
highway  conditions.   Figure  10  shows  the  basic  changes  be- 
tween the  three  operating  modes  of  SM,  SG,  and  MM,  and  five 
additional  mode  transitions  which  were  possible  between  the 
initialization  state  and  the  various  operating  modes.   Figure 
11  shows  the  green  band  system  mode  decision  space  which  was 
used  to  establish  the  mode  in  which  the  system  would  be  oper- 
ating at  a  given  point  in  time. 

The  basic  control  parameter  for  mode  transition  is 
the  observed  three-minute  velocity  average  at  the  first  up- 
stream sensor.   Values  of  V   and  V2  in  Figure  11  represent 
the  boundaries  of  a  transition  zone  that  existed  between 
stop  metering  and  stopped-gap  modes  of  control.   The  tran- 
sition from  stop  metering  to  stop  gap  requires  that  the  ve- 
locity be  greater  than  V  .   Similarly,  the  transition  from 
stop  gap  to  stop  metering  requires  that  the  velocity  be  be- 
low V,,  which  was  set  at  25  miles  per  hour,  representing  an 
expected  condition  of  considerable  freeway  congestion.   The 
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Figure  10.   Possible  Mode  Transitions  in  the  Woburn  Green 
Band  System 
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horizontal  area  between  V±    and  V2  represented  a  transition 
zone  which  provided  a  hysterisis  effect  to  reduce  the  possi- 
bility of  frequent  mode  transitions  if  the  freeway  traffic 
is  oscillating  about  some  fixed  speed  point  within  this 
range.   Similar  transition  zone  allowances  were  used  in  the 
transitions  to  and  from  moving  mode  to  stopped-gap.   During 
the  first  three  minutes  of  operation,  the  values  for  V  ,  V 
V3and  V4  are  respectively,  25,  28,  35,  and  38  miles  an  hour. 
After  the  first  three  minutes  of  system  operation  these  bound- 
aries are  changed  to  25,  30,  35  and  40  miles  per  hour,  res- 
pectively.  Thus,  the  basic  consideration  in  the  choice  of 
these  values  becomes  the  ability  to  predict  the  onset  of  free- 
way and/or  ramp  congestion,  which  would  reduce  the  usefulness 
of  the  moving  mode  of  operation  of  the  system,  by  the  use  of 
real-time  freeway  velocity  measurements. 

Note  the  existence  of  a  volume  level  in  Figure  11. 
V0LCRIT'  which  is  also  considered  for  mode  control  purposes. 
This  figure  represented  a  volume  which,  if  reached  down- 
stream of  the  merge  area,  would  cause  the  system  to  begin 
the  transition  from  moving  mode  to  stop  gap.   Although  the 
capability  for  using  this  volume  control  as  a  mode  switching 
parameter  existed  in  the  Woburn  Green  Band  software,  the 
value  of  the  control  parameter  for  volume  switching  was  set 
to  such  a  high  limit  that  it  would  have  had  no  effect  on  nor- 
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mal  system  operation  (a  comment  in  the  control  program  list- 
ing indicates  that  this  volume  limit  is  such  that  it  will 
never  be  reached  [83,  pp.  5-52]  )  . 

The  dashed  arrows  in  Figure  10  represent  possible 
mode  transitions  between  the  initialization  mode  and  the 
various  operating  modes.   These  are  indicated  to  show  that 
any  of  the  three  basic  operating  modes  can  be  entered  from 
the  initialization  routine  when  the  sytem  is  started.   Addi- 
tional mode  changes  were  possible  to  the  initialization 
state  in  the  Woburn  System  due  to  the  fact  that  the  two 
modes  of  stopped-gap  acceptance  and  moving  mode  both  used 
the  green  band  update  routine  to  move  bands  that  had  been 
generated  down  the  ramp  display,  and  when  the  Woburn  green 
band  update  routine  was  being  used,  it  monitored  sensor 
occupancy  in  the  merge  area  from  the  presence  detectors  in- 
stalled in  the  acceleration  lane,  and  had  the  capability  of 
causing  a  system  reinitialization  if  any  one  of  the  five 
merge  area  detectors  were  occupied  for  more  than  30  seconds. 
After  a  15-second  reinitialization  period,  the  initialization 
routine  would  then  cause  the  system  to  enter  one  of  the 
three  basic  traffic  processing  modes  for  the  continuation  of 
normal  system  activity.   This  latter  action  was  done  even  if 
the  presence  area  detectors  were  still  occupied,  thereby  in- 
troducing the  possibility  that  the  system  could  exhibit  be- 
havior consisting  of  the  display  of  bands  or  stopped-gap 
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vehicle  launching  activity  for  a  period  of  30  seconds,  then 
dropping  back  to  initialization  for  15  seconds,  and  continu- 
ing this  cycle  of  30  seconds  of  display  and  15  seconds  of 
initialization.   This  could  have  occurred  in  periods  of  high 
merge  area  occupancy  such  as  might  have  been  the  case  during 
periods  of  heavy  ramp  demands  in  the  peak  rush  hour. 

Another  problem  with  the  use  of  initialization  as 
a  system  response  to  detected  congestion  in  the  merging  area 
was  the  potential  for  having  a  system  come  out  of  initiali- 
zation and  begin  generating  green  bands  which  would  then 
direct  vehicles  on  the  ramp  into  vehicles  possibly  backed 
up  from  the  merge  area  into  the  ramp  display  area.   This 
would  have  represented  a  considerable  safety  hazard,  but 
fortunately  was  not  a  problem  in  the  Woburn  system,  as  ramp 
congestion  never  became  that  severe. 

Results  of  the  Massachusetts  Tests 

The  Woburn  site  tests  of  the  dynamic  moving  merge 
control  systems  developed  by  Raytheon  had  the  dual  goal  of 
(1)  assessing  the  technical  feasibility  of  such  systems  under 
actual  field  conditions,  and  (2)  measuring  the  relative  de- 
gree of  public  acceptance  of  the  control  system  concepts. 
The  successful  public  operation  of  both  the  Pacer  and  green 
band  systems  in  the  latter  months  of  1970  met  the  first  goal, 
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and  results  from  a  questionnaire  handed  to  ramp  vehicle 

drivers  using  the  Woburn  system  indicated  answers  to  the 

latter  of  the  two  objectives  [86-88] ,   True  and  Rosen  [87] 

reviewed  the  results  of  the  Massachusetts  tests  with  the 

following  conclusions: 

Of  those  drivers  using  the  pacer 
system,  about  80%  found  it  helpful,  while 
5%  thought  that  it  was  difficult  to  fol- 
low the  pacer  lights.   With  the  green  band 
system,  85%  considered  it  helpful  and  8% 
considered  it  difficult  to  drive  beside 
the  green  band.   Because  these  responses 
involved  several  questions,  the  percentages 
do  not  add  up  to  100.   Since  many  drivers 
used  the  test  ramp  repeatedly  over  a  time 
period  including  both  systems  tests,  it  was 
possible  to  determine  their  preference  be- 
tween the  two  systems.   Of  the  210  drivers 
who  used  both  systems  and  returned  question- 
naires, there  was  a  general  preference  for 
the  green  band  system. 

Based  on  responses  from  the  question- 
naires and  the  operation  of  a  Pacer  and 
green  band  systems  in  the  Massachusetts 
tests,  the  following  five  statements  can  be 
made  about  moving  merge  control  systems: 

1.  Moving  merge  control  systems  are 
technically  feasible. 

2.  Approximately  80%  of  drivers  feel 
such  systems  are  beneficial. 

3.  Merging  positions  for  ramp  vehicles 
are  improved. 

4.  Drivers  prefer  the  somewhat  simpler 
green  band  system  which  is  also  the 
more  economical  system. 

5.  The  green  band  system  deserves  fur- 
ther field  test  evaluations. 
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The  Tampa  Green  Band  System  Experiment 

Based  on  the  results  cited  above,  the  next  step  in 
the  evolution  of  practical  moving  merge  control  systems  was 
to  install  and  evaluate  the  preferred  green  band  system  on 
a  ramp  which  was  experiencing  serious  operational  merging 
problems,  as  opposed  to  the  Woburn  ramp,  which  was  of  good 
geometric  design  characteristics  and  was  not  considered  to 
have  been  a  severe  enough  test  of  the  moving  merge  concept. 
Thus,  a  search  was  begun  to  identify  a  ramp  where  an  evalu- 
ation could  be  performed  to  answer  the  basic  question  of 
"should  a  green  band  system  be  considered  a  viable  alterna- 
tive for  improving  the  merging  operations  at  a  problem  en- 
trance ramp?"   [87,  p.  240].   To  assist  in  the  search  for  a 
problem  ramp,  the  following  list  of  test  site  requirements 
was  developed: 

1.  The  entrance  ramp  should  be  other  than 
the  closer  leaf  type  with  a  restricted 
sight  distance. 

2.  The  length  of  the  acceleration  lane  should 
be  400  feet  or  less. 

3.  The  ramp  to  be  used  for  a  test  subject 
should  have  a  high  accident  experience  rate 
with  over  10  accidents  yearly  at  the  test 

.  location. 
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4.  The  ramp  should  have  a  relatively  high 
off-peak  merging  volume  with  two  well- 
defined  peak  periods  of  traffic  daily. 
During  these  peak  periods,  ramp  volume 
should  be  approximately  400  to  600  ve- 
hicles per  hour,  with  a  merging  problem 
onto  the  freeway  [89]  , 

5.  The  minimum  ramp  length  should  be  5  00 
feet . 

6.  The  ramp  should  have  a  suitable  area 
available  on  the  left  side  of  the  en- 
trance ramp  for  installation  of  the  green 
band  driver  display  elements. 

7.  There  should  be  no  upstream  freeway  on- 
ramp  closer  than  1,800  feet,  or  down- 
stream off-ramp  closer  than  3,000  feet  to 
the  test  ramp. 

8.  Test  site  should  represent  a  ramp  where 
reconstruction  of  the  ramp  facilities  to 
eliminate  the  unsafe  or  capacity-reducing 
conditions  would  be  too  costly  or  imprac- 
tical . 
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A  number  of  states  responded  with  candidate  sites 
for  the  installation  of  the  merge  control  system.   After  a 
thorough  review  of  these  locations  by  the  Federal  Highway 
Administration,  the  Ashley  Street  entrance  ramp  to  1-75  in 
Tampa,  Florida,  was  selected  for  the  installation  and  evalu- 
ation of  a  green  band  moving  merge  control  system  under  sub- 
standard merging  conditions.   Characteristics  of  the  Ashley 
Street  ramp  with  respect  to  the  criteria  mentioned  above 
were  as  follows: 

1.  The  ramp  and  freeway  were  both  on  elevated 
structures  creating  severe  sight  restric- 
tions . 

2.  The  acceleration  lane  was  318  feet  in  length, 
which  is  considerably  shorter  than  current 
standards  for  entrance  ramps  to  interstate 
highways . 

3.  The  Ashley  Street  ramp  had  a  considerable 
problem  with  accidents  of  the  rear-end 
variety,  with  some  38  accidents  of  this 
category  experienced  in  1971  alone.   Con- 
tributing to  this  accident  potential  was 
the  high  angle  of  convergence  of  the  ramp 
of  approximately  8  degrees  with  the  free- 
way traffic  stream. 
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4 .  The  Ashley  Street  ramp  had  an  average 
measured  volume  during  the  4:00  P.M.  to 
6:00  P.M.  weekday  period  of  approxi- 
mately 680  vehicles  per  hour,  with  severe 
queuing  problems  occurring  on  the  ramp 
during  these  times. 

5.  The  ramp  length  was  650  feet,  entry  point 
to  nose. 

6.  There  was  an  existing  guard  rail  on  the 
ramp  structure  available  for  green  band 
display  mounting, 

7.  The  nearest  on-ramp  was  5,000  feet  up- 
stream, and  the  nearest  off-ramp  was  7,500 
feet  downstream  from  the  Ashley  ramp, 

8.  Since  both  the  Ashley  Street  ramp  and  the 
freeway  it  serves  are  on  elevated  struc- 
tures in  downtown  Tampa,  geometric  modifi- 
cation and  reconstruction  would  have  been 
extremely  costly  to  implement. 

In  1972,  the  University  of  Florida  was  awarded  a 
contract  by  the  State  of  Florida  Department  of  Transportation 
to  assist  in  the  implementation  of  a  merging  control  system 
on  the  Ashley  Street  ramp.   A  separate  proposal  was  later 
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prepared  and  submitted  to  cover  the  evaluation  activities 
for  the  performance  characteristics  of  the  ramp.   The  sys- 
tern  proposed  for  installation  at  the  Ashley  Street  site  was 
the  green  band  system  developed  by  Raytheon  for  the  Federal 
Highway  Administration  and  tested  at  the  Woburn  site.   Con- 
tractual responsibilities  of  the  University  of  Florida 
evolved  from  consulting  on  design  characteristics  of  the 
system  to  preparation  of  software  modifications  to  adapt  the 
system  to  the  Tampa  site,  and  finally  to  the  responsibility 
for  implementing  and  testing  the  software  modifications  to 
get  the  system  into  operation.   The  nature  of  the  hardware 
and  software  changes  adopted  to  implement  the  Tampa  system 
are  discussed  in  Chapter  3,  and  research  item  components  re- 
lated to  the  evaluation  of  this  system  are  discussed  in  Chap- 
ter 4. 


CHAPTER  3 
THE  TAMPA  GREEN  BAND  SYSTEM 


Introduction 


The  departures  from  the  earlier  green  band  system 
as  tested  in  Woburn  used  to  install  the  Tampa  system  were  of 
three  basic  categories  [90-95] : 

1.  Changes  which  were  required  to  describe 
the  Tampa  site  geometry  to  the  control 
program  software,  including  information 
on  sensor  characteristics  and  locations 
and  geometric  limitations  on  the  speed 

of  ramp  vehicles  caused  by  a  section  with 
a  radius  of  curvature  of  230  feet  in  the 
middle  of  the  Ashley  Street  ramp. 

2.  Corrections  which  were  made  to  known  and 
anticipated  problems  in  the  Woburn  control 
algorithm,  including  revision  of  what  were 
considered  to  be  inappropriate  system  con- 
trol responses  to  overtime  occupancies  of 
vehicles  in  the  merge  area  acceleration 
lane. 
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3.   Operating  improvements  representing 
additional  capabilities  over  those 
provided  in  the  Woburn  Green  Band  Sys~ 


tern. 


Each  of  the  component  elements  of  the  Tampa  Green 
Band  system  will  be  discussed  individually  in  this  chapter, 
including  the  ramp  configuration,  driver  display  design, 
sensor  considerations,  computer  requirements,  and  green  band 

control  algorithm  improvements. 

The  Tampa  Ramp 

The  site  selected  for  the  installation  of  the  Tampa 
Green  Band  Control  System  was  the  Ashley  street  entrance 
ramp  to  1-75  in  Tampa,  Florida.   This  ramp  provides  a  direct 
entrance  to  the  freeway  from  the  downtown  Tampa  central  busi- 
ness district.   The  traffic  volumes  on  the  facility  are  mod- 
erate throughout  the  day,  „ith  a  substantral  peak  occurring 
during  the  evening  rush  hour.   The  Average  Daily  Traffic  ,ADT, 
values  for  the  eastbound  roadway  of  the  freeway  are  38,000 
vehicles  per  day  and  7,000  vehicles  per  day  for  the  ramp 
Figures  12  and  13  show  respectively  data  taken  on  January  24, 
1974,  representing  five-minute  volumes  at  the  entrance  to 
the  Ashley  street  ramp,  and  the  sum  of  five-minute  traffic 
volumes  taken  from  sensors  across  the  three  freeway  lanes 
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downstream  of  the  entrance  ramp  acceleration  merge  lane.   Note 
the  relatively  high  ramp  demand  during  the  4; 00  P.M.  to  6:00 
P.M.  peak  period,  which  is  typical  of  week-day  operation 
of  the  ramp.   Data  for  these  figures  were  produced  by  the 
computerized  data  collection  system  to  be  discussed  later. 
Comparison  of  observed  ramp  volumes  during  peak  demand  peri- 
ods with  standardized  expectations  of  ramp  system  capacity 
[89]  indicated  ramp  operation  at  or  above  capacity,  which 
was  confirmed  by  the  existence  of  long  vehicle  queues  extend- 
ing upstream  of  the  ramp  entrance  during  these  times. 

Sensor  Installation  at  the  Tampa  Site 

Figure  14  shows  the  instrumentation  system  used  to 
monitor  ramp  and  freeway  vehicle  activity  in  the  Tampa  Green 
Band  System,   The  functions  of  the  various  sensors  used  in 
the  on-line  control  program  are  as  follows: 

1.  Double-loop  sensors  F7  through  Fl  sup- 
ply information  used  to  establish  freeway 
vehicle  trajectories  upstream  of  the  merge 
area.   Sensor  Fl  is  used  to  generate  3- 
minute  freeway  velocity  averages  for  use 
in  the  system  mode  control  logic. 

2.  Single-loop  sensor  R12  was  originally  in- 
stalled to  provide  a  capability  for  ramp 
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queue  detection  in  the  stopped  modes 
of  system  operation.   This  function  was 
later  assigned  to  single-loop  sensor 
R8  to  allow  a  more  rapid  system  response 
capability  to  the  onset  on  ramp  conges- 
tion. 

3.  Single  loops  denoted  by  R6B  and  R6A,  res- 
pectively, serve  as  vehicle  check-in  and 
check-out  detectors  at  the  ramp  traffic 
signal  location  in  the  stopped  modes  of 
system  operation, 

4.  Single-loop  sensor  R3  is  used  to  control 
the  operation  of  a  blank-out  YIELD  sign 
located  at  the  end  of  the  ramp  display. 
This  sign  is  illuminated  if  a  ramp  ve- 
hicle crosses  R3  without  an  accompanying 
green  band  on  the  ramp  display  opposite 
this  location. 

5.  Single-loop  sensor  FOA,  which  is  the  first 
loop  of  the  double-loop  freeway  velocity 
sensor  FOA/B,  is  used  to  generate  continuous 
3-minute  counts  of  freeway  and  ramp  merging 
volumes  downstream  of  the  acceleration  lane. 
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This  information  is  used  by  the  system 
mode  control  logic  in  the  Tampa  soft- 

ware . 

6.   Acceleration  lane  presence  sensors  Ml 
through  M8  are  used  to  inhibit  green 
band  activity  when  occupied  for  a  time 
greater  than  a  preset  threshold  value. 

The  sensors  above  are  the  only  detectors  which  are 
actually  used  by  the  on-line  green  band  control  program, 
and  thus  are  representative  of  a  minimum  set  of  sensors  re- 
quired for  green  band  system  implementation  at  any  ramp. 

Additional  sensors  were  used  at  the  Tampa  ramp  for 
purposes  of  data  collection  for  system  performance  evalua- 
tions, as  will  be  discussed  in  Chapter  4.   These  additional 
sensors  are  scanned  by  the  control  program  at  the  rate  used 
for  the  on-line  control  sensors,  and  all  field  sensor  activi- 
ty is  recorded  on  magnetic  tape  and  processed  in  a  manner  to 
be  discussed  later.   Additional  sensors  installed  for  evalu- 
ation purposes  included  double-loop  sensors  at  freeway  sta- 
tion F4  for  monitoring  center  and  inside  freeway  lane  veloci- 
ties, single-loop  sensors  at  Fl  for  center  lane  and  inside 
lane  volume  counts,  double-loop  sensors  at  station  FO  for 
velocity  profiles  across  the  downstream  freeway  lanes,  and 
single-loop  sensors  Rll  through  Rl  extending  throughout  the 
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length  of  the  ramp  to  monitor  merging  vehicle  trajectories. 
The  Woburn  Green  Band  System  had  double-loop  velocity  sensor 
stations  on  the  ramp  left  over  from  the  Pacer  system  imple- 
mentation, but  did  not  use  these  sensors  in  its  control  algo- 
rithm, 

Additional  sensors  were  installed  on  two  off-ramps 
of  1-75  in  the  study  area  and  on  the  diversion  to  the  south 
bound  1-75  ramp  extension  on  the  Ashley  ramp,  represented  in 
Figure  14  by  sensors  El,  E2 ,  and  E3,  respectively.   In  addi- 
tion, a  series  of  eleven  sonic  detectors,  modified  electron- 
ically to  report  pulse  widths  proportional  to  vehicle  spac- 
ings  in  front  of  the  sensors,  were  installed  on  the  guard 
rail  of  the  acceleration  lane  and  used  to  provide  informa- 
tion on  lateral  vehicle  displacements  throughout  the  merging 
area.   With  the  exception  of  the  sonic  detectors,  all  sensors 
were  of  the  inductive  loop  type,  positioned  in  grooves  cut 
in  the  roadway  surfaces  and  covered  with  a  heavy-duty  sealant 
compound  [95,  p.  A. 15],   Sensor  data  were  transmitted  over 
hard-wired  communication  lines  specifically  installed  for 
this  purpose. 

Driver  Display  Configuration 

The  Woburn  Green  Band  System  driver  display  consis- 
ted of  a  series  of  156  display  elements,  each  four  feet  in 
length  and  containing  two  75-watt  flood  lamps  wired  in  paral- 
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lei,  and  covered  with  a  sheet  of  green  acrylic  plastic. 
Thus,  the  display  in  operation  had  the  appearance  of  a  series 
of  moving  points  of  green  light  representing  the  bands  dis- 
played by  the  system.   In  addition,  the  other  display  ele- 
ments as  reviewed  in  Figure  4,  Chapter  2,  consisted  of  a 
changeable  message  speed  sign  representing  one  of  three  dif- 
ferent speed  levels  for  current  band  speed,  a  standard  three- 
face  traffic  signal  positioned  approximately  one-third  of 
the  way  along  the  display,  a  fixed  message  sign  indicating 
"Drive  Beside  Green  Band,"  and  a  sign  at  the  end  of  the  dis- 
play element  indicating  a  "Merge  With  Caution"  indication 
which  could  be  illuminated  when  the  system  was  unable  to  find 
a  green  band  for  the  current  ramp  vehicle. 

Consideration  was  given  to  the  Woburn  display  in 
the  design  of  the  Tampa  system  elements  and  the  final  con- 
figuration implemented  is  shown  in  Figures  15  and  16.   The 
green  band  display  consists  of  a  series  of  152  green  fluo- 
rescent light  bulbs,  each  four  feet  long,  housed  in  76  alumi- 
num channel  sections  placed  end  to  end  on  the  left-hand  side 
of  the  guard  rail,  and  covered  with  sheets  of  clear  plastic. 
The  final  configuration  of  this  display  element  was  deter- 
mined by  consideration  of  anticipated  display  visibility  un- 
der varying  conditions  of  ambient  illumination,  and  it  was 
felt  that  the  appearance  of  continuous  linear  bands  on  the 
display  rather  than  the  band  composition  scheme  used  in  the 
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Figure  16.   The  Elements  of  the  Driver  Display  in  the  Tampa 
Green  Band  System 
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Woburn  system  would  provide  a  more  effective  target  for  ramp 
vehicles  to  follow.   Special  "instant-on"  fluorescent  light 
ballasts  were  required  to  achieve  the  capability  for  the 
frequency  of  lamp  switching  required  by  the  control  program 
[85]. 

The  use  of  a  changeable  speed  sign  to  indicate  to 
ramp  drivers  the  velocity  of  the  current  green  bands  was  con- 
sidered and  rejected,  as  the  Tampa  Green  Band  System  had  to 
be  designed  to  generate  green  bands  moving  at  fixed  speeds 
throughout  the  initial  section  of  the  ramp  and  accelerating 
to  a  final  merge  velocity  once  the  section  of  the  ramp  where 
the  maximum  safe  speed  was  30  mph  had  been  passed.   To  pro- 
vide the  ramp  driver  with  information  on  the  current  mode  of 
the  system,  a  changeable-message  matrix  sign  was  installed  on 
an  overhead  support  at  the  beginning  of  the  ramp  as  shown  in 
Figure  15.   The  sign  displays  the  message  DRIVE  BESIDE  GREEN 
BAND  when  the  system  is  in  the  moving  mode  and  the  message 
PREPARE  TO  STOP  when  the  system  is  in  either  the  stopped-gap 
acceptance  or  stopped  metering  modes.   To  accomplish  the  ve- 
hicle stopping  function  in  the  latter  two  modes,  two  standard 
three-face  traffic  signals  were  installed  at  the  stop  line 
location  on  either  side  of  the  ramp.   The  sign  indicating 
MERGE  WITH  CAUTION  in  the  Woburn  Green  Band  System  was  re- 
placed with  a  blank-out  YIELD  sign  located  at  the  end  of  the 
ramp  display,  as  it  was  felt  that  this  sign  would  give  a  more 
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positive  indication  to  the  ramp  drivers  of  the  existence  of 
potentially  hazardous  merging  situations  than  would  have  the 
other  sign.   Control  lines  to  the  various  elements  of  the 
driver  display  were  run  from  the  system  control  center,  lo- 
cated in  the  City  of  Tampa  Traffic  Control  Center  Building 
immediately  adjacent  to  the  ramp.   Electrical  isolation  and 
lightning  protection  facilities  for  the  component  elements 
of  the  sensor  installation  and  for  the  driver  display  were 
provided  [94,  95] . 

Computer  Facilities 
for  the  Tampa  Green  Band  Syatem 

A  Raytheon  Model  7  04  computer  is  used  as  the  control 
element  for  the  Tampa  Green  Band  System  [90,  91] .   This  ma- 
chine is  a  later  version  of  the  Raytheon  Model  703  computer 
used  in  the  Woburn  Green  Band  System,  with  the  same  instruc- 
tion set  and  a  basic  instruction  cycle  time  of  1.0  micro- 
seconds, as  compared  to  a  cycle  time  value  of  1.75  micro- 
seconds for  its  predecessor.   The  machine  has  a  core  memory 
of  16,000  16-bit  words,  representing  an  increase  of  4,000 
words  over  that  used  in  the  Woburn  system.   The  additional 
memory  space  is  used  for  data  buffers  for  the  on-line  data 
recording  scheme,  and  does  not  represent  a  need  for  addi- 
tional core  requirements  by  the  Tampa  control  program.   Sen- 
sor inputs  from  the  field  are  processed  by  a  special-purpose 
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output  hardware  interface,  which  also  contains  a  hardware 
clock  which  operates  at  a  cycle  time  of  two  milliseconds 
to  provide  an  accurate  time  base  for  the  operation  of  the 
system.   Control  instructions  issued  by  the  computer  are 
sent  to  the  field  through  hardware  called  the  storage  con- 
trol unit,  which  consists  of  data  buffers  between  the  com- 
puter output  lines  and  the  various  elements  of  the  driver 
display.   A  high-speed  paper  tape  reader  is  included  with 
the  system  for  program  loading,  and  a  high-speed  paper  punch 
is  used  for  program  preparation  and  editing.   A  Model  ASR-35 
Teletype  Unit  is  used  to  provide  a  capability  for  receiving 
on-line  status  messages  from  the  control  system  and  trans- 
mitting operator  control  inputs  and  data  logging  messages 
to  the  system.   A  nine-channel  IBM-compatible  magnetic  tape 
unit  is  used  to  record  data  on  sensor  activations  and  con- 
trol program  outputs  during  on-line  operation.   A  photo- 
graph of  the  control  element  appears  in  Figure  17,  which  al- 
so shows  the  situation  display  board,  which  is  positioned 
over  the  racks  containing  the  computer  equipment.   The  dis- 
play board  lamp  arrangement  was  not  modified  from  the  Wo- 
burn  configuration  to  reflect  the  different  geometry  associ- 
ated with  the  Tampa  ramp. 

Table  2  shows  the  interrupt  level  and  input/output 
channel  assignments  for  the  Woburn  and  Tampa  control  com- 
puters.  The  magnetic  tape  function  interrupt  activity  was 
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Figure  17.   Control  Equipment  Hardware  for  the  Tampa  Green 
Band  System 
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Table  2 
Interrupt  Level  and  Input/Output  Channel  Assignments 
for  the  V7oburn  and  Tampa  Green  Band  System  Control  Computers 


LEVEL    # 
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INTERRUPT  LEVEL  ASSIGNMENTS 
WOBURN  USE  TAMPA  USE 

MAG  TAPE  FUNCTION,  TELETYPE  TELETYPE  ,  PAPER  TAPE  READER  AND  PUNCH 

FAULT  MONITOR  OPERATOR  RE-INITIALIZE  BUTTON 

CLOCK  MAG  TAPE  FUNCTION 

MAGNETIC  TAPE  DATA  CONTROL  NOT  USED 

NOT  AVAILABLE  IN  HARDWARE  CLOCK 

NOT  AVAILABLE  IN  HARDWARE  MAG  TAPE  DATA  CONTROL 

NOT  AVAILABLE  IN  HARDWARE  FAULT  MONITOR 

NOT  AVAILABLE  IN  HARDWARE  POWER  FAIL 


CHANNEL  # 

0 

4 

8 

9 
12 
13 
14 
15 


INPUT/OUTPUT  CHANNELS 

DRIVER  DISPLAY  COMMANDS  TO  FIELD 
COMMUNICATION  WITH  FAULT  MONITOR  HARDWARE 
SITUATION  DISPLAY  BOARD  DATA 
MAGNETIC  TAPE  DATA  AND  CONTROL 
PAPER  TAPE  PUNCH  DATA  AND  CONTROL 
PAPER  TAPE  READER  DATA  AND  CONTROL 
TELETYPE  DATA  AND  CONTROL 
FIELD  SENSOR  INPUTS 
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isolated  from  its  common  assignment  to  level  0  with  the  tele- 
type in  the  Woburn  system  to  prevent  the  possibility  of  in- 
terference between  tape  recording  operations  and  teletype 
usage.   The  interrupt  priority  level  for  the  clock  pulses 
was  raised  to  insure  adequate  isolation  of  this  function 
from  the  other  system  activity,  and  the  fault  monitoring  in- 
terrupt level  was  placed  at  a  priority  level  just  below  that 
of  the  power  fail  interrupt  servicing  to  insure  the  capabil- 
ity for  the  automatic  shut-down  of  the  system  if  error  con- 
ditions have  been  detected. 

Situation  Display  Board  Modifications 

The  situation  display  subroutine  of  the  on-line  green 
band  system  provides  vehicle  and  driver  display  (e.g.,  green 
band  position)  information  to  operate  the  situation  display 
board.   The  situation  display  control  software  from  Woburn 
was  modified  to  reflect  the  positions  of  the  Tampa  freeway 
sensors  on  the  highway  to  accurately  represent  the  update  in- 
tervals of  vehicles  passing  through  the  upstream  section  of 
the  freeway.   In  addition,  a  capability  for  displaying  field 
sensor  actuations  in  real-time  while  the  green  band  system 
is  running  was  added  to  the  situation  display  control  pro- 
gram.  This  option  can  be  selected  by  using  a  thumb  wheel 
control  switch  on  the  front  panel  of  the  situation  display. 
The  operation  of  the  field  sensor  monitor  capability  is 
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simply  to  read  the  status  of  the  four  input  words  containing 
the  field  sensor  data  and  then  to  display  this  information 
on  a  set  of  61  bulbs  which  were  added  to  the  face  of  the  dis- 
play.  As  long  as  a  sensor  is  reporting  an  on  condition  from 
the  field,  the  corresponding  bulb  on  the  situation  display 
board  located  approximately  at  the  correct  geometrical  posi- 
tion of  the  sensor  in  the  field  on  the  board  is  also  on.   As 
the  field  sensor  goes  off,  the  corresponding  bulb  goes  off. 
This  capability  provides  an  effective  tool  for  monitoring  the 
performance  of  field  sensors,  as  vehicles  can  be  tracked  by 
monitoring  their  progress  on  the  board  through  the  various 
sensor  sequences.   The  ability  to  detect  malfunctioning  sen- 
sors in  this  fashion  has  proven  to  be  a  valuable  operating 
feature  of  the  system,  as  the  Tampa  area  experiences  a  much 
higher  than  normal  rate  of  electrical  storm  activity  com- 
pared to  much  of  the  rest  of  the  country,  and  considerable 
difficulty  has  been  experienced  in  keeping  the  sensors  operat- 
ing properly  for  use  in  the  green  band  system.   A  section  was 
included  in  the  Tampa  Green  Band  System  Operator  Manual  [94] 
which  recommends  the  use  of  this  mode  of  display  board  opera- 
tion each  morning  before  turning  the  system  on  for  the  pub- 
lic to  monitor  the  proper  functioning  of  all  sensors  associ- 
ated with  the  system.   This  has  been  implemented  as  a  daily 
practice  and  has  proven  to  be  an  effective  means  of  schedul- 
ing maintenance  activities  for  the  system  when  needed, 
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Operator  Communication 
with  the  On-Line  Control  Program 
m  the  Tampa  Green  Band_s^far~ 

The  operator  monitor  subprogram  of  the  Woburn  Green 
Band  system  did  not  work  properly,  acoording  to  Mr.  A.  R, 
Thayer  of  the  Raytheon  Corporation  [personal  communication] . 
An  addressing  problem  prevented  the  transfer  of  data  to  the 
system  and  did  not  allow  the  full  capabilities  for  this  rou- 
tine discussed  in  the  operating  manuals  for  the  Pacer  and 
green  band  systems  to  be  used  reliably  in  practice  (77]. 
Raytheon  suggested  a  number  of  changes  to  the  original  Woburn 
software  to  correct  these  problems,  and  the  Tampa  Green  Band 
System  now  has  an  operating  capability  for  operator  com^uni- 
oation  with  the  control  system  while  the  system  is  running 
using  the  teletype  unit.   Provisions  in  the  control  software 
enable  the  operator  to  selectively  inspect  single  core  loca- 
tions in  the  memory  of  the  machine,  or  groups  of  core  loca- 
tions, and  to  change  values  in  eore  while  the  program  is 
running.   This  allows  experimentation  with  parameter  values 
in  the  operating  system  without  the  need  for  shutting  down 
the  system  to  make  such  changes.   m  addltion,  software  ^ 
fications  were  designed  and  implemented  locally  to  provide 
several  additional  features  for  monitoring  system  operation 
from  the  teletype  console.   Included  in  these  are  a  capabil- 
ity for  the  system  to  print  the  source  of  system  generated 
reinitializations,  which  can  be  caused  by  such  factors  as 
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arithmetic  errors  in  calculations  made  by  the  green  band 
status  routine,  for  example.   Also,  logic  was  added  to  ser- 
vice an  operator  reinitialization  button  located  on  the  tele- 
type console.   This  generates  an  interruption  to  the  control 
system  on  a  priority  level  which  inhibits  the  display  of 
driver  control  information  to  the  field  and  places  the  stop 
light  on  the  ramp  in  a  flashing  amber  mode  for  a  period  of 
15  seconds,  allowing  the  operator  to  shut  down  the  system 
quickly  without  having  to  walk  to  the  computer  console  should 
unexpected  trouble  develop.   To  provide  an  additional  research 
capability  for  manually  monitoring  the  operations  of  the  sys- 
tem, provisions  were  made  in  the  operator  monitor  software 
logic  to  print  the  time  and  nature  of  each  system  mode  change 
commanded  by  the  on-line  program  during  the  day  and  also  to 
print  the  time  of  each  band  masking  and  unmasking  condition 
when  this  activity  occurs.   This  gives  the  operator  a  capa- 
bility for  monitoring  field  operations  without  the  need  for 
using  the  television  system  provided  with  the  experimental 
control  system. 


Hardware  Fail-Saf  e  Capabilities 
of  the  Tampa  Green  Band  System 


The  Raytheon  703  computer  used  in  the  Woburn  Green 
Band  System  had  four  hardware  interrupt  levels  which  did  not 
include  the  optional  power  fail-safe  hardware  [91] ,   The  Ray- 
theon 704  computer  used  in  the  Tampa  system  was  ordered  with 
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eight  interrupt  levels  and  the  power  fail-safe  option  which 
is  factory-installed  on  the  highest  interrupt  level.   Coding 
was  devised  to  service  this  hardware  and  a  capability  for  the 
automatic  monitoring  of  the  input  power  supplied  to  the  green 
band  control  system  was  implemented.   This  provides  a  means 
for  a  safe  and  orderly  automatic  shutdown  in  the  event  of  a 
power  failure,  leaving  the  field  display  in  a  safe  condition 
(e.g.,  no  bands  and  flashing  amber  if  the  field  power  remains 
on) .   The  routine  also  has  a  capability  for  operator  notifi- 
cation and  automatic  system  reinitialization  when  the  power 
is  restored.   The  system  hardware  supplied  with  the  Tampa 
system  did  not  have  satisfactory  fault  monitoring  circuitry 
and  new  circuitry  was  designed  to  improve  this  capability. 
The  function  of  this  hardware  is  to  monitor  responses  to  the 
clock  pulses  used  to  generate  the  interrupts  which  provide 
the  basic  cycle  timing  for  the  green  band  control  system. 
Each  time  a  clock  interrupt  is  serviced,  an  output  instruc- 
tion to  the  fault  monitor  hardware  is  issued  which  resets  a 
hardware  timer  whose  period  is  longer  than  the  expected  time 
until  the  next  clock  update,  four  milliseconds,  and  two  milli- 
seconds, respectively.   If  this  time  should  ever  reach  a  zero 
condition,  an  interrupt  is  automatically  generated,  causing 
the  system  to  notify  the  operator  of  a  potential  clock  fault 
in  the  hardware  and  then  to  automatically  shut  itself  down. 
This  capability  prevents  the  computer  from  "looping"  in  a  sub- 
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routine  in  response  to  unexpected  data  conditions  or  hardware 
failures . 

Tampa  Green  Band  System  Mode  Change  Logic  Revisions 

As  indicated  earlier  in  Chapter  2,  the  Woburn  Green 
Band  System  had  a  capability  for  using  the  three-minute  free- 
way volume  (computed  by  the  on-line  control  system  from  de- 
tectors downstream  of  the  ramp  and  extending  across  the  free- 
way) to  inhibit  mode  changes  from  stopped-gap  operation  to 
moving  mode,  and  to  force  mode  changes  from  a  moving  mode 
operation  to  stopped-gap  operation  when  a  single  predetermined 
volume  level  was  reached  or  exceeded.   This  volume-based  mode 
control  logic  was  structured  to  operate  only  after  the  system 
had  been  running  at  least  three  minutes  to  minimize  the  pos- 
sibility of  transient  mode  change  effects  in  the  early  opera- 
tion while  the  first  three-minute  volume  average  was  being 
initialized.   Examination  of  control  program  listings  supplied 
by  Raytheon  revealed  that  this  volume  switching  constant  (the 
variable  QLIMIT  in  the  Green  Band  Status  Routine  [83,  pp.  5- 
52])  had  been  set  to  a  value  representing  an  hourly  freeway 
volume  across  three  lanes  of  10,240  vehicles  per  hour.   This 
was  clearly  above  what  would  ever  be  observed  under  actual 
conditions  on  a  three-lane  freeway,  and, therefore ,  using  this 
variable  value  had  the  net  effect  of  disabling  the  volume 
switching  logic.   With  this  capability  disabled,  system  mode 
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changes  in  Woburn  were  made  strictly  on  the  basis  of  a  three- 
minute  freeway  velocity  average  from  the  freeway  right-hand 
lane  taken  just  upstream  of  the  entrance  ramp  at  sensor  sta- 
tion K-3  0  (corresponding  to  sensor  Fl  in  the  Tampa  system) . 
The  original  Woburn  mode  switching  logic  was  used  in  Tampa 
for  initial  system  experimentation  and  was  found  to  cause 
problems  in  the  public  operation  of  the  system,  as  the  Tampa 
freeway  speeds  remained  high  enough  during  peak  hour  condi- 
tions to  keep  the  system  in  moving  mode,  while  the  ramp  ve- 
hicles were  experiencing  problems  in  accomplishing  the  moving 
merge  maneuvers  associated  with  this  mode  of  operation.   Thus, 
some  technique  was  needed  other  than  strict  velocity  switching 
logic  to  force  the  system  into  the  stopped-gap  mode  of  opera- 
tion during  periods  when  ramp  congestion  was  highly  probable 
and  freeway  velocity  values  remained  high. 

To  implement  such  a  technique  several  program  changes 
were  made.   First,  the  volume  reporting  logic  was  modified  to 
consider  only  the  right-hand  lane  freeway  volume  downstream 
of  the  ramp  instead  of  considering  the  total  freeway  volume 
across  the  three  lanes  of  traffic  used  in  the  Woburn  software. 
As  ramp  traffic  interacts  most  strongly  with  this  outside 
freeway  lane,  it  was  felt  that  the  specific  volume  here  would 
serve  as  a  better  control  parameter  than  the  total  freeway 
volume.   Secondly,  two  different  boundary  conditions  using 
volume  as  a  switching  parameter  were  implemented  for  use  in 
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the  mode  transition  logic  to  provide  a  hysterisis  effect 
similar  to  that  used  in  velocity-based  mode  transitions  to 
minimize  transient  conditions  in  operational  mode  switching. 
Figure  18  shows  the  current  mode  control  algorithm  imple- 
mented in  Tampa,   Experimentation  is  needed  for  future  sys- 
tem refinements  to  determine  sufficiently  accurate  predic- 
tion criteria  for  ramp  congestion  based  on  measured  freeway 
volume  and  velocity  data,  and  special  features  were  added 
to  the  data  logging  routine  for  the  Tampa  system  to  record 
continuous  information  on  the  volume  and  velocity  averages 
for  the  freeway  being  used  in  the  current  on-line  switching 
logic.   This  data  can  be  used  in  conjunction  with  the  stand- 
ard mode  status  output  generated  by  the  data  logging  system 
to  correlate  system  mode  switching  behavior  with  measured 
variable  values  on  the  freeway  and  ramp. 

Tampa  System  Response  to  Merge  Area  Congestion 

The  Woburn  Green  Band  System  had  a  series  of  five 
presence  detector  loops  located  in  the  merge  area  accelera- 
tion lane  and  connected  to  the  control  computer.   These  loops 
were  monitored  by  the  control  software  and  software  flags 
were  set  each  time  any  one  of  the  five  loops  was  activated. 
If  any  one  of  these  detectors  had  been  activated  for  more 
than  30  seconds,  the  on-line  system  automatically  went  to 
a  routine  which  began  the  initialization  phase  for  the  on- 
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line  control  software.   This  consisted  of  a  period  of  15 
seconds  of  time  in  which  no  green  bands  were  displayed  and 
the  ramp  traffic  signal  was  controlled  to  a  flashing  amber 
indication. 

This  response  was  not  found  to  be  sufficiently 
sensitive  to  timely  determination  of  the  onset  of  ramp  con- 
gestion and  the  control  algorithm  was  modified  for  use  in 
the  Tampa  system.   The  Tampa  system  uses  eight  presence 
loop  detectors  in  the  merge  area,  respectively  Ml  through 
M8,  and  monitors  each  of  these  loops  continually  while  the 
program  is  in  operation.   If  any  one  of  the  eight  loops  be- 
comes occupied  for  more  than  five  consecutive  seconds,  the 
system  "masks"  the  display  of  green  band  information  to 
the  field.   The  system  activities  of  freeway  vehicle  track- 
ing and  band  generation  continue,  but  the  resulting  green 
bands  are  not  displayed  to  the  field  again  until  all  of  the 
eight  presence  detectors  are  clear.   The  primary  operational 
benefit  of  this  concept  is  the  removal  of  the  possibility  of 
the  system  directing  ramp  vehicles  into  the  rear  of  other 
ramp  vehicles  stopped  in  at  the  merge  area  by  providing 
them  with  a  moving  green  band.   An  important  ancillary  bene- 
fit associated  with  band  masking  rather  than  system  reini- 
tialization is  the  reduction  in  time  spent  in  system  ini- 
tialization, which  served  to  reduce  the  time  the  system  was 
actually  benefiting  ramp  vehicle  traffic  in  the  Woburn  sys- 
tem. 
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The  band  masking  time  threshold  parameter  of  five 
seconds  was  determined  by  visual  observation  of  the  opera- 
tions of  the  system  from  the  roof  of  the  control  center 
overlooking  the  ramp  and  merge  area.   It  was  determined 
that  the  value  used  in  the  Woburn  system  for  system  response 
to  congestion  of  30  seconds  was  much  too  high  to  represent 
an  effective  safety  measure  for  the  Tampa  ramp  traffic  con- 
ditions.   The  time  value  of  five  seconds  gives  sufficient 
time  for  slow  moving  ramp  vehicles  to  clear  each  detector 
without  activating  the  masking  process,  and  yet  is  short 
enough  to  detect  a  stopped  vehxcle  condition  in  time  to  de- 
lete a  green  band  from  the  display  before  potentially  trouble- 
some  situations  can  develop. 

Stopped-Gap  Mode  Band  Anoel0,-an„n  profiles 
tor  the  Tampa  Green  Band  Svste^ ~ 

The  woburn  Green  Band  System  control  program  was 
based  on  the  assumption  that  vehicles  in  the  stopped-gap 
mode  of  operation  would  leave  the  stop  line  after  a  green 
indication  at  an  average  acceleration  of  four  feet  per  sec- 
ond' and  would  continue  at  this  acceleration  to  the  final 
projected  band  speed,  VMRG,  and  this  acceleration  value 
was  used  in  the  control  program  for  band  propagation  in  the 
stopped-gap  mode.   Tignor  188]  showed  that  the  use  of  this 
value  resulted  in  many  ramp  vehicles  in  the  Woburn  system 
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not  being  able  to  successfully  follow  the  bands  in  the  lat- 
ter portions  of  the  ramp  in  the  stopped-gap  mode.   He  sug- 
gested the  use  of  a  variable  acceleration  rate  representing 
more  accurately  the  acceleration  capabilities  of  typical 
ramp  vehicles  from  a  standing  start. 

To  investigate  the  feasibility  of  this  approach  and 
to  provide  estimated  times  of  arrival  of  ramp  vehicles  at 
the  merge  point  under  variable  acceleration  profiles,  an 
IBM  System/36  0  CSMP  computer  program  was  devised  to  study 
this  problem.   Figure  19  shows  the  program  and  Figure  20 
shows  a  computer-generated  plot  of  green  band  edge  position 
in  the  stopped-gap  mode  with  the  variable  acceleration  pro- 
file currently  implemented  in  the  Tampa  control  system.   The 
final  scheme  was  to  use  an  initial  acceleration  rate  away 
from  the  stop  line  of  six  feet  per  second2  for  controlling 
the  the  band  movement,  which  was  two  feet  per  second2  higher 
than  the  corresponding  Woburn  value.   As  the  band  speed  and 
corresponding  ramp  vehicle  speed  increase,  the  acceleration 
of  the  band  is  reduced  first  to  five  feet  per  second2  when 
the  vehicle  speed  has  reached  approximately  28  feet  per  sec- 
ond, and  then  to  four  feet  per  second2  when  the  vehicle 
speed  is  39  feet  per  second,  and  finally  to  three  feet  per 
second2  acceleration  when  the  vehicle  speed  has  reached  46.9 
feet  per  second.   This  acceleration  profile  closely  matches 
actual  observed  vehicle  performance  in  accelerating  from 
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****CONT  INUUUS  SYSTEM  MODELING  PROGRAM**** 
♦♦♦P^UHufcM   INPUT  STATtMEMTS*** 


TITLE  TAMPA  SG  OAND  ETA 

P*EDI CTI 

ON 

INI  T  I  AL 

RMPL  =  84'*. 

XTE  IC  -     260. 

XLEIC  =  2  92. 

FPSMPH  =  88. /60. 

VMPG  =  66. 

DYNAMIC 

NOSOPT 

ACC  =  3.0 

IF( POSXLE.LT. 500. 1 

1    ACC  = 

4.0 

IF(  POSXLE  .LTo  «o.  J 

I    ACC  = 

S.  0 

IF ( POSXLE.LT. Ju4. J 

>    ACC  = 

6.0 

IF(  VEL.Gf  .VMRG) 

ACC  = 

0.0 

POM 


SORT 

VEL  =  INTGRLC 0.0. ACC) 

POSXLE  =  I NTGRL(XLE IC , VEL) 

POSXTE  =  1NTGRLCXTE  IC . VEL ) 

VELMPH  =  VtL/FPSMPH 
TIMER  PRDEL=.20,FINTIM-100. ,DELT=.01 ,  OUTDEL  =  .20 
PR T PLOT  POSXLE! ACC. VEL, VELMPH) 

LABEL  POSITION  OF  GREEN  OANL)  LEADING  EDGE   IN  STOP  GAP  MODE 
FINISH  POSXT£=^MPL 
METHOD  RECT 
ENO 
STOP 


Figure  19.   IBM  System/360  CSMP  Program  for  the  Analysis 
of  Green  Band  Trajectories  Under  Variable  Ac- 
celeration Profiles  in  the  Stopped-Gap  Operating 
Mode 
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Figure    20.       Computer   Output    from   Stopped-Gap   Band   Trajectory 
Analysis   Program 
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the  ramp  signal  in  the  Woburn  system ,  and  its  use  was  im- 
plemented in  Tampa  to  tailor  the  green  band  system  perform- 
ance to  expected  vehicle  characteristics  there, 

Tests  were  conducted  on  the  ramp  in  the  stopped- 
gap  made  with  a  variety  of  vehicle  types,  ranging  from  light 
economy  sedans  to  medium  trucks,  and  the  variable  accelera- 
tion profile  used  was  easily  tracked  by  most  of  the  drivers. 

Green  Band  Generation 
(Tampa  Variable  Ramp  Speed  Case) 

Data  acquisition  and  highway  vehicle  processing 
for  green  band  generation  in  the  Tampa  system  are  done  in 
the  same  manner  used  in  the  Woburn  system.   Similarly,  free- 
way gaps  are  measured  and  checked  for  adequacy  by  the  same 
computer  logic.   What  is  unique  to  the  Tampa  system,  how- 
ever, is  the  method  used  to  position  bands  on  the  display 
to  accomplish  the  required  objective  of  having  bands  which 
move  at  a  fixed  speed  in  the  initial  section  of  the  ramp  and 
then  accelerate  to  the  final  merging  velocity  in  the  latter 
phase  of  their  trajectories. 

The  maximum  safe  vehicle  speed  into  the  curved  sec- 
tion of  radius  230  feet  on  the  Tampa  ramp  is  30  miles/hour. 
The  design  concept  of  the  green  band  system  is  to  project 
ramp  vehicles  into  accepted  gaps  at  a  programmed  merge  veloc- 
ity, VMRG,  equal  to  the  current  three-  minute  average  free- 
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way  speed,  or  4  5  miles/hour,  whichever  is  less,   Thus,  some 
means  of  accomplishing  the  dual  goals  of  holding  ramp  ve- 
hicle speeds  constant  at  30  miles/hour  through  the  initial 
section  of  the  ramp,  and  then  directing  the  acceleration  of 
the  ramp  vehicles  to  the  desired  merge  speeds  was  required. 
The  use  of  several  variable  message  speed  signs  positioned 
alongside  the  ramp  showing  the  desired  vehicle  speed  at 
those  points  was  considered  in  conjunction  with  the  green 
bands,  but  this  approach  was  rejected  as  providing  too  much 
additional  information  to  the  drivers  to  assimilate  in  con- 
junction with  the  green  band  following  task  in  the  time  re- 
quired to  drive  the  ramp. 

Therefore,  techniques  had  to  be  developed  to  make 
use  of  the  only  available  control  element,  the  moving  green 
bands  themselves  to  guide  the  drivers  along  safe  merging 
trajectories.   This  was  accomplished  through  changes  made 
in  the  control  program  coding  of  the  Green  Band  Status  rou- 
tine (GBS) ,  which  provides  the  band  edge  placements  and  as- 
sociated band  velocities.   The  nature  of  these  changes  will 
be  discussed  below,  and  details  of  the  computer  code  used  to 
implement  these  revisions  may  be  found  in  the  Tampa  Green 
Band  System  Final  Report,  in  preparation  now  for  publication 
in  the  Summer  of  1975  by  the  Transportation  Research  Center, 
University  of  Florida,  Gainesville,  Florida, 
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Consider  the  basic  geometry  and  dimensions  of  the 
Ashley  Street  ramp  and  green  band  display  element  as  being 
associated  with  points  on  a  straight  line,  as  indicated  in 
Figure  21. 

Now,  consider  the  operations  associated  with  com- 
puting the  placement  of  a  leading  or  trailing  edge  for  a 
band  on  the  display  element,  and  with  the  computation  of 
the  current  velocity  of  the  leading  edge  of  the  band  at 
this  position,  given  that  the  final  band  speed  is  to  be 
VMRG. 

The  algorithm  developed  for  the  Tampa  Green  Band 
System  to  accomplish  the  required  placement  decision  for 
the  band  edges  is  a  supporting  subroutine  to  GBS  in  the  on- 
line control  program,  and  its  structure  is  as  follows  (Steps 
1  through  6  are  always  done  in  sequence) : 

1.   Compute  TMP,  the  time  remaining  to  expected 
merge  point  arrival  for  this  band  edge  from: 

TMP  =  (ETA  +  HDWY  +  LEN)  -  TIME, 
where  ETA  =  estimated  time  of  arrival  at  the 
merge  point  for  the  freeway  ve- 
hicle associated  with  this  edge 
of  the  band  (seconds), 
HDWY  -   a  leading  or  trailing  headway  al- 
lowance representing  a  merging 
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safety  margin  (0.4  seconds  for 
a  leading  edge,  1.2  seconds  for 
a  trailing  edge) , 
LEN  =  freeway  vehicle  length  in  seconds 
for  a  leading  band  edge  (set  to 
0.0  seconds  for  a  trailing  edge), 
and  TIME  =  current  time  in  seconds  (maintained 
as  an  integer  count  of  the  elapsed 
number  of  previous  .002-second 
clock  cycles  in  the  on-line  system) . 

2.   Compute  DACC,  the  distance  required  for  a  band 
moving  at  30  miles/hour  during  the  first  264 
feet  of  the  ramp  to  accelerate  to  VMRG  during 
the  remainder  of  its  time  to  merge  point, 

DACC  =  (VMRG2  -  442)/2a, 
where  VMRG  =  current  terminal  band  speed,  in 
feet/second,  and  44  is  30  miles/ 
hour  in  feet/second, 
and  a  is  an  assumed  acceleration  rate  of 
3  feet/second2  for  the  band. 

3.   Compute  Tconst,  the  time  at  which  the  band  would 
travel  at  VMRG  after  completing  its  acceleration 

maneuver: 

T       =  (580.  -  DACC) /VMRG, 
const 

where  580  feet  is  the  distance  from  the  stop  line 
to  the  merge  point. 
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4,  Compute  TAE,  the  time  at  which  the  current  band 
is  programmed  to  complete  its  acceleration  ma- 
neuver (may  be  positive  or  negative) , 

TAE  =  TMP  -  Tconst. 

5,  Compute  TSL,  the  time  at  which  the  band  edge  is 
programmed  to  be  at  the  stop  line  point  on  the 
green  band  display  (may  be  positive  or  nega- 
tive) , 

TSL  =  TAE  -  ( (VMRG  -44) /a). 

6,  Compute  TBD,  the  time  the  current  band  edge  is 
programmed  to  be  at  the  beginning  of  the  green 
band  display  (may  be  positive  or  negative) , 

TBD  =  TSL  -6, 
where  6  is  the  time  in  seconds  for  a  band  to 
cross  the  initial  section  of  264  feet  of  the 
display  at  a  velocity  of  44  feet/second.   Go 
to  Step  7 , 

7,  If  TMP,  the  time  to  merge  point  for  the  band 
is  negative,  this  band  edge  was  at  the  merge 
point  at  a  time  in  the  past,  and  the  following 
conditions  are  loaded  into  the  green  band 
table  for  this  edge: 

EDGEi  =  +  844, 
VBANDi  =  VMRG, 
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and  the  routine  returns  to  the  calling  point 
in  GBS ,   Otherwise,  go  to  Step  8. 

8.  If  TAE,  the  time  at  which  the  band  was  pro- 
grammed to  stop  accelerating,  is  negative,  this 
band  edge  is  now  moving  at  VMRG  and  the  green 
band  table  is  loaded  with: 

EDGEi  =  8  44  -  (VMRG*TMP) 

VBANDj^  =  VMRG 
and  the  routine  returns  to  the  calling  point 
in  GBS.   Otherwise,  go  to  Step  9. 

9.  If  TSL,  the  time  at  which  the  band  was  pro- 
grammed to  be  at  the  stop  line,  is  negative, 
the  band  is  still  accelerating,  and  the  green 
band  table  for  the  current  edge  is  loaded  with: 

EDGEi  =  44.  -  (UFTSL*ct) 

VBANDi  =  264.  +  VBAND^  -  442)/2a 

and  the  routine  returns  to  the  calling  point  in 

GBS.   Otherwise,  go  to  Step  10. 

10.   None  of  the  conditions  identified  in  Steps  8, 
9,  or  10  has  been  met,  and  the  current  band 
edge  must  be  either  upstream  of  the  beginning 
of  the  display,  or  travelling  at  a  constant 
velocity  of  30  miles/hour  at  some  point  within 
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the  first  264  feet  of  the  display,   In  either 
case,  the  green  band  table  is  loaded  with; 
EDGE.  =  -  TBD*44, 

VBAND.  =44.  , 

i         ' 

and  the  routine  returns  to  the  calling  point 
in  GBS, 

As  in  the  Woburn  system,  band  movement  and  position- 
ing on  the  field  display  in  Tampa  is  the  joint  result  of  the 
two  processes  of  band  creation  by  the  GBS  routine,  and  band 
movement  by  the  GBUD  routine,  which  take  place  in  sequence 
at  rates  of  100  times  per  second  for  the  Tampa  system.   Ob- 
served band  sizes  on  the  display  do  change  dynamically  to  re- 
flect changing  gap  sizes  on  the  freeway,  but  it  is  important 
to  note  that  these  changes  represent  new  bands,  rather  than 
the  evolution  of  bands  previously  stored  on  the  display. 

The  algorithm  for  band  placement  in  Tampa  represents 
a  significant  departure  from  that  used  in  the  Woburn  system, 
and  is  representative  of  the  types  of  "site-responsive"  fea- 
tures that  will  have  to  be  tailored  into  moving  merge  con- 
trol systems  for  other  ramps  with  unique  geometric  features. 


Location  of  the  Merge  Point 
for  the  Tampa  System 


As  discussed  earlier  in  this  chapter,  the  on-line 
green  band  control  program  searches  for  gaps  in  the  outside 
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freeway  lane  upstream  of  the  entrance  ramp,  and  computes  the 
expected  time  of  arrival  of  these  gaps  at  a  location  adjacent 
to  the  ramp  acceleration  lane.   This  location  is  referred  to 
as  the  merge  point  and  represents  the  expected  location  at 
which  the  ramp  vehicles  will  enter  the  freeway.   Given  the 
existence  of  an  acceptable  freeway  gap,  a  green  band  is 
launched  on  the  ramp  display  and  propagated  along  the  ramp 
such  that  its  arrival  time  at  the  merge  point  corresponds  to 
the  expected  arrival  time  of  the  freeway  gap  at  the  same  lo- 
cation.  Since  all  control  updates  of  projected  freeway  gaps 
and  of  the  green  band  display  are  made  with  reference  to  the 
merge  point,  the  operation  of  the  green  band  control  system 
is  highly  dependent  upon  the  merge  point  location  parameter, 
and  field  studies  were  conducted  to  establish  this  location 
for  use  in  the  control  software  for  the  Tampa  system. 

For  the  purposes  of  this  study,  it  was  assumed  that 
a  ramp  vehicle  had  merged  when  its  left  front  wheel  had 
crossed  the  dividing  line  between  the  ramp  acceleration  lane 
and  the  outside  freeway  lane,  or  equivalently ,  its  right 
wheels  were  less  than  six  feet  from  the  dividing  line.   To 
measure  the  location  of  the  merging  point,  then,  six  15- 
minute  traffic  counters  were  placed  in  the  acceleration  por- 
tion of  the  ramp  as  shown  in  Figure  22.   These  units  col- 
lected data  from  3:30  A.M.  on  December  13,  1972,  until  3:30 
A.M.  on  the  following  day. 
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The  7-11  A,M.  data  and  3-7  P.M.  data  were  plotted 
for  different  traffic  conditions  and  times  of  day  as  shown 
in  Figures  23  and  24.   Figure  23  is  a  plot  of  the  A.M.  data, 
and  gives  the  percentage  of  vehicles  entering  the  freeway 
between  the  various  count  locations.   Figure  24  is  a  plot 
of  the  percentage  of  vehicles  passing  a  count  location  by 
hour  for  the  3  P.M.  -7  P.M.  data.   Analysis  of  the  data  in- 
dicated that  the  distribution  of  merge  locations  of  observed 
vehicles  was  approximately  uniform  along  the  acceleration 
portion  of  the  ramp,  and  no  one  location  could  be  fixed  as 
the  merge  point.   The  data  did  indicate  that  at  a  point  ap- 
proximately half-way  down  the  ramp,  the  probability  of  a 
merge  having  taken  place  was  0.5,  and  therefore,  a  point 
half-way  down  the  ramp  was  the  median  merge  point  for  ramp 
vehicles.   Since  the  ramp  vehicles  did  not  follow  a  merging 
distribution  which  indicated  the  existence  of  a  fixed  merge 
point,  the  median  value  was  used  as  an  estimator  of  this 
location.   Considerations  to  extend  this  estimated  location 
as  far  downstream  on  the  ramp  as  possible  were  made,  as  the 
number  of  freeway  sensors  which  could  be  used  was  constrained 
upstream  by  an  exit  ramp,  and  the  location  of  the  merge  point 
further  downstream  would  enhance  the  utilization  of  freeway 
sensor  information,  by  allowing  earlier  band  positioning 
updates  which  could  contribute  to  the  improved  operational 
effectiveness  of  the  merge  control  system. 
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Under  such  considerations,  then,  the  maximum  usable 
downstream  location  of  the  merge  point  is  a  function  of  the 
safe  stopping  distance  of  a  ramp  vehicle  unable  to  complete 
a  directed  merge,   The  assumption  was  made  that  the  percep- 
tion-reaction times  for  the  driver  involved  in  a  stop  would 
take  place  prior  to  the  arrival  of  his  vehicle  at  the  merge 
point,  then,  if  an  acceptable  gap  was  not  available  at  a 
maximum  downstream  merge  point  location,  the  safe  stopping 
distance,  S.,  could  be  found  from  the  expression: 

V 


S^  = 


d    30  (f  ±  g) 

where  V  =  vehicle  velocity  in  miles/hour, 

f  =  coefficient  of  friction  of  the  road  surface, 
and    g  =  the  percent  grade  divided  by  10  0, 

The  "worst-case"  condition  for  stopping  distance  on 
the  ramp  was  found  by  using  the  maximum  ramp  speed  of  4  5  miles/ 
hour  as  the  85th  percentile  speed  in  the  expression,  and  by 
using  a  coefficient  of  friction  of  0.25  (for  a  wet  concrete 
pavement).   Using  these  values, 

(53)2 
Sd  "  30  (.25  ±  0)  =  210  feet- 

The  downstream  end  of  the  ramp  is  considered  to  be 
the  point  on  the  taper  at  which  the  ramp  lane  is  eight  feet 
wide.   This  point  is  414  feet  from  the  nose  of  the  ramp. 
Therefore,  the  merge  point  location,  based  on  a  safe  stopping 
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distance,  was  204  feet  downstream  of  the  ramp  nose,   This 
location  is  approximately  the  same  value  as  the  merge  point 
location  of  207  feet  downstream  determined  by  using  the 
merge  distribution  results,   Figure  25  shows  the  location  of 
the  merge  point  for  the  Ashley  Street  eastbound  entrance 
ramp  selected  for  use  in  the  merge  control  system. 


Freeway  Detector  Placement 
for  the  Tampa  Green  Band  System 


The  critical  function  of  the  green  band  control  soft- 
ware is  to  project  acceptable  gaps  to  the  merge  area  and  to 
fit  ramp  vehicles  into  these  gaps  with  moving  green  bands. 
For  both  freeway  gap  and  ramp  vehicle  to  converge  at  the 
same  point  in  time,  their  respective  travel  times  through 
their  upstream  approaches  must, in  the  worst  case   be  equal. 
This  requires  an  adequate  length  of  system  surveillance  and 
control  area  for  these  movements  to  occur,  considering  the 
program  control  strategy,  which  can  be  expressed  in  time 
as : 


Tv  ~    Tf  +  G  . 


where    T   =  Travel  time  of  ramp  vehicle  through  the  green 
band  display  to  the  merge  area  (seconds) , 


T   =  Travel  time  of  freeway  vehicle  leading  the  gap 
from  first  sensor  to  merge  area  (seconds) , 
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G   =  Acceptable  gap  size  on  the  freeway  (seconds) , 

Preliminary  calculations  based  on  projected  ramp  speeds  in 
Tampa  showed  T   to  be  about  14.7  seconds.   This  required  the 
first  system  input  sensor  on  the  freeway  to  be  at  least 
1,600  feet  upstream  of  the  merge  are  (assuming  60  miles/hour 
speeds  on  the  freeway,  and  a  3.5  second  critical  gap  as  re- 
presentative) ,   The  merging  area  study  resulted  in  the  down- 
stream characteristics  of  the  freeway  surveillance  area,  but 
given  the  geometries  of  the  Ashley  site,  these  calculations 
showed  that  the  first  freeway  sensor  station  would  have  to 
be  located  upstream  of  the  exit  ramp  to  the  west  of  the  Ash- 
ley ramp. 

To  develop  criteria  for  the  final  sensor  placement 
decisions  in  the  system,  then,  the  freeway  and  ramp  vehicle 
travel  time  characteristics  had  to  be  accurately  established 
in  terms  which  would  permit  a  predictable  level  of  perform- 
ance of  the  control  system  at  high  freeway  speeds,  and  a 
study  was  conducted  to  provide  these  data  [92],   Manual  de- 
tections of  vehicle  activity  were  recorded  on  a  twenty-pen 
strip  chart  recorder.   Data  were  recorded  simultaneously  for 
right  lane  freeway  and  ramp  traffic  for  reduction  and  analy- 
sis by  digital  computer.   The  study  plan  was  as  shown  in 
Figure  26.   An  observer  at  point  A  recorded  by  manual  inputs 
the  entrance  .of  either  a  freeway  vehicle  (at  point  B)  or  a 
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ramp  vehicle  (at  point  C)  into  their  respective  study  sec- 
tions.  (Due  to  the  distance  between  A  and  B,  a  second  ob- 
server was  at  B,  advising  observer  at  A  when  the  freeway  ve- 
hicles passed  the  station  by  radio  communication) .   Observer 
A  then  recorded  when  each  freeway  vehicle  passed  point  I  or 
the  progression  of  a  ramp  vehicle  through  points  D,  E,  and 
F.   Point  F  was  a  floating  point  at  which,  in  the  observer's 
judgment,  ramp  vehicle  merging  had  occurred  (e.g.,  the  left 
front  wheel  had  crossed  the  lane  divider) .   The  data  were 
analyzed  by  an  off-line  computer  program  which  computed  the 
mean  travel  times  and  mean  average  speeds  of  vehicles  be- 
tween study  points.   Using  the  separate  volume  counts,  these 
stations  were  plotted  for  the  critical  conditions,  consider- 
ing the  timing  relationship  given  earlier.   Findings  were 
correlated  with  results  of  the  Merging  Area  Study  for  evalu- 
ation of  the  ramp  travel  time  between  points  E  and  F. 

Data  were  taken  for  the  period  of  3:00  to  5:30  P.M. 
on  December  13,  1972.   Freeway  data  included  random  vehicles 
since  the  objective  was  to  determine  expected  travel  times 
under  normal  conditions.   Ramp  observations  were  limited  to 
vehicles  which  moved  unrestricted  through  the  ramp  to  a  merge 
since  the  aim  of  the  study  was  to  identify  the  standardized 
driver  and  vehicle  performance  capabilities  which  would  be 
assisted  by  green  band  control,   The  results  of  this  study 
are  shown  in  Table  3. 
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Table    3 
Results   of    Travel-Time   Study 


Freeway  Traffic 


Travel   Time    (1) 


Start 

Sample 

Mean 

Std.  Deviation 

Mean  Vehicle 

Time 

Size 
10 

(Seconds) 
12.90 

(Seconds) 

Speed  (Miles/Hour) 

3:00 

2.16 

52.78 

3:15 

23 

12.41 

1.47 

54.88 

3:30 

26 

12.54 

1.45 

54.33 

3:45 

18 

13.25 

1.43 

51.42 

4:00 

10 

13.77 

1.62 

49.46   (2) 

4:15 

10 

12.59 

1.87 

54.09 

4:30 

12 

13.01 

1.83 

52.36 

4:45 

11 

13.37 

1.04 

50.96 

5:00 

14 

14.46 

1.95 

47.09 

5:15 

9 

13.68 

2.42 

49.78 

Ramp  Traffic 
Time  Period:   3:00  -  5:30  P.M.,  Sample  size  =  70  vehicles 

Travel  Time 


Section 

Mean 
(Seconds) 

6.98 

Std. 
(S 

Deviation 
econds) 

Sp< 

Mea 
2ed 

n  Vehicle 
(Miles/Hour) 

C-D 

0.76 

34.39 

D-E 

5.39 

0.75 

31.50 

C-D 

12.37 

1.41 

33.13 

E-F 

5.01 

1.36 

(3) 

Notes: 

(1)  Section  B-E. 

(2)  Congestion  existed  during  this  period  caused  by  a  downstream  bottleneck. 

(3)  Not  determined  since  distance  is  variable. 
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Selection  of  the  critical  results  requires  some 
explanation.   Keeping  in  mind  that  velocity  values  for  the 
freeway  should  be  as  high  as  possible  for  conservative  sys- 
tem design,  then  the  results  of  the  period  3:15  -  3:30  were 
selected.   It  was  further  assumed  that  this  period  represent- 
ed the  8  5th  percentile  speed,  so  the  maximum  design  speed 
was  64.47  miles/hour  or  64,5  miles/hour  (95.3  feet/second), 
and  the  equivalent  travel  time  was  about  10.7  seconds 
through  section  B-E) .   As  only  unconstrained  ramp  vehicles 
were  considered,  the  aggregated  results  gave  the  informa- 
tion required.   These  values  are  plotted  in  Figure  27.   It 
was  assumed  that  freeway  speeds  are  uniformly  distributed 
beyond  points  B  and  E.   Since  the  approach  to  point  B  is  a 
positive  grade  and  point  E  is  near  the  merging  area  (where 
speeds  are  not  likely  to  increase  significantly) ,  this  ap- 
peared to  be  a  safe  assumption.   It  was  not  possible  in  this 
study  to  calculate  ramp  vehicle  speeds  for  section  E-F; 
however,  recall  that  the  basic  objective  of  the  control 
system  is  to  merge  the  ramp  vehicles  at  a  speed  representing 
some  fraction  of  the  speed  of  the  freeway  traffic.   Thus,  if 
freeway  speeds  were  at  a  maximum,  a  conservative  speed  for 
ramp  vehicles  here  is  54,2  miles/hour  (average  of  GB  speed 
at  nose  =  45  miles/hour  and  freeway  speed) ,   Then,  extending 
data  observed  in  the  study,  and  assuming  an  available  accept- 
able gap  (which  must  be  detected  before  the  green  band  will 
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Distance  Upstream  (Ft.) 


Figure  27,   Space-Time  Diagram  for  Maximum  Expected  Speeds 
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be  generated)  and  drawing  the  intersect  where; 

T   =  T   +  G   +  H 
r     F     c     1 

where  T  ,  T   and  G   are  as  previously  defined,  and 

r    F        c 

H   =  leading  headway  between  ramp  and  freeway  vehicles, 
assumed  to  be  one  second, 

it  is  determined  that  the  first  freeway  station  must  be 
1,655.5  feet  upstream  of  the  merge  point,  or  1,406.5  feet 
upstream  of  the  concrete  nose  of  the  ramp. 

It  had  to  be  determined  if  this  location  would  satis- 
fy the  lower  condition,  e.g.,  when  freeway  speeds  are  35  miles/ 
hour.   Again,  this  condition  applied  at  the  end  of  the  ramp; 
and  for  the  purpose  of  this  study,  a  ramp  speed  of  2/3  Vf  was 
assumed.   These  values  required  an  upstream  distance  of  1, 253 . 6 
feet--well  within  the  earlier  findings  (see  Figure  28).   The 
conclusion  was  reached  that  the  first  detector  station  on  the 
freeway  would  be  located  at  a  point  1,406.5  feet  upstream  of 
the  entrance  ramp  nose.   This  location  is  about  326  feet  up- 
stream of  the  nose  of  the  Ashley  exit  ramp,  a  fact  which  in- 
troduces the  possibility  of  false  signals  from  this  station, 
since  for  example,  a  vehicle  may  be  detected  as  part  of  the 
freeway  stream  but  then  exit  the  freeway,  possibly  leaving  an 
acceptable  gap,  or  a  vehicle  in  the  exit  lane  may  merge  back 
into  the  freeway  outside  lane  after  the  station  (thus  pos- 
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Figure  28.   Space-Time  Diagram  for  Minimum  Expected  Speeds 
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sibly  filling  a  gap  already  processed  as  being  acceptable) , 
The  latter  case  is  easily  handled  by  the  control  program 
which  will  delete  the  green  band,  leading  to  an  actuation  of 
the  yield  sign  on  the  ramp  if  the  resulting  two  gaps  are 
both  unacceptable  when  downstream  sensors  reveal  the  gap  is 
filled.   Any  ramp  vehicle  driver  who  was  following  the  green 
band  will  naturally  continue  to  merge  eventually,  but  he  will 
also  be  properly  advised  that  no  acceptable  gap  is  avail- 
able . 

The  former  situation  will  tend  to  "waste"  some  ac- 
ceptable gaps,  but  not  as  frequently  as  might  be  expected. 
In  the  higher  freeway  speed  ranges  such  losses  will  undoubted- 
ly result  because  of  the  travel  time  constraints  as  shown  in 
Figure  27;  however,  the  false  move  is  less  likely  to  occur  at 
these  speeds.   In  the  lower  freeway  speed  ranges  it  will 
still  be  possible  to  "flag"  an  acceptable  gap  when  down- 
stream detectors  sense  that  such  is  the  case.   An  example  is 
shown  in  Figure  29  for  freeway  speeds  of  45  miles/hour,  with 
ramp  speeds  adjusted  accordingly.   The  freeway  gap  could  be 
detected  at  a  point  1,197.2  feet  upstream  or  approximately 
at  the  third  freeway  detector  station  in  the  system  (if  the 
stations  are  200  feet  apart) . 
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Figure  29.   Space-Time  Diagram  for  Mid-Range  Speeds 
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Location  of  Ramp  Detectors  and  Stop  Line 

The  locations  of  the  detectors  on  the  ramp  were 
fixed  by  considering  the  location  of  the  YIELD  sign  control 
detector,  R3 ,  and  then  assuming  a  ramp  loop  detector  edge 
spacing  of  64  feet.   The  factors  used  in  determining  the 
placement  of  detector  R3  were:   (1)   the  detector  should  be 
placed  far  enough  up  the  ramp  so  that  drivers  would  have  a 
minimum  of  one  second  of  viewing  time  if  the  green  band  is 
aborted,  and  the  yield  sign  has  to  be  illuminated,  and  (2) 
the  control  system  implications  of  the  location  of  the  last 
usable  update  detector  on  the  freeway  for  green  band  pro- 
gramming had  to  be  evaluated  for  this  detector  location. 

With  these  criteria  in  mind,  the  location  of  de- 
tector R3  was  determined  in  the  following  manner.   Assuming 
that  the  YIELD  sign  is  located  at  point  E,  on  Figure  30,  the 
minimum  distance  upstream  from  the  sign  that  will  afford  a 
ramp  driver,  traveling  at  45  miles/hour,  the  minimum  viewing 
time  of  one  second  is  45  miles/hour  x  1 , 467 (feet/second) / 
(miles/hour)  x  1  second  =66.0  feet.   This  represents  the 
minimum  distance  to  point  E  that  detector  R3  could  possibly 
be  located.   Using  this  minimum  distance  and  an  assumed 
minimum  acceptable  gap  length  of  three  seconds,  Figure  30 
shows  that  the  trailing  edge  would  have  to  be  detected  ap- 
proximately 595  feet  upstream  from  the  merge  point.   This 
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Time  (Sec.) 


-12     -10 


'  1st  Detector  Station 
Distance  Upstream  (Ft.) 


Figure  30.   Space-Time  Diagram  for  the  Location  of  Tampa 
Ramp  Detector  R3 
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result  indicated  that  freeway  detector  station  6  was  the 
last  usable  update  detector,   Projecting  back  from  this 
point,  the  location  of  detector  R3  is  found  to  be  86  feet 
upstream  on  the  ramp  from  point  E,   With  the  location  of  de- 
tector R3  fixed,  the  locations  of  the  other  ramp  detectors 
were  found  by  proceeding  back  up  the  ramp  with  the  assumed 
64  feet  detector  spacing. 

The  stop  line  and  associated  traffic  signal  loca- 
tion was  originally  determined  to  give  the  ramp  driver  an 
adequate  distance  to  accelerate  from  a  full  stop  at  the  stop 
bar  to  the  maximum  speed  required  at  point  E  of  approximately 
35  miles/hour  in  the  stopped-gap  operating  mode. 

The  minimum  distance  required  was  then: 

d-  (vf-v2 

2a 

where : 

V   =  initial  velocity  in  feet/second, 


V   =  final  velocity  in  feet/second, 
and       a  =  constant  vehicle  acceleration  in  feet/second2 


Assuming  a  rate  of  acceleration  of  4  feet/second2, 


(35  x  1.47) 


d  =  J =  2647.1/8  =  330.8  feet, 

2x4 
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An  actual  stop  line  placement  of  344  feet  upstream  of  the 
YIELD  sign  was  used  in  the  final  design  to  facilitate  con- 
nections of  the  stop  light  and  associated  detector  equip- 
ment to  a  previously  installed  equipment  cabinet  near  the 
ramp. 

Recall  that  the  Woburn  Green  Band  System  used  an 
acceleration  rate  of  4  feet/second2  for  stopped-gap  band 
projection,  and  the  analysis  above  was  conducted  in  early 
1973  using  this  value.   With  the  availability  of  the  Tignor 
paper  [88]  in  the  Summer  of  1974,  it  was  determined  that  a 
variable  acceleration  profile  would  be  used  for  stopped-gap 
band  control  in  the  Tampa  system  for  the  reasons  cited  ear- 
lier. 

This  use  of  a  different  band  acceleration  assump- 
tion required  the  reconsideration  of  the  adequacy  of  the 
placement  of  the  ramp  stop  line  under  the  new  conditions, 
as  the  ramp  markings  and  signal  and  detector  placements  had 
been  completed  at  the  location  determined  above.   The  simu- 
lation model  for  band  trajectory  analysis,  and  its  output, 
shown  in  Figures  19  and  20,  respectively,  were  used  for  this 
task.   Assuming  the  new  acceleration  model  was  controlling 
the  bands,  a  band  launched  at  the  stop  line  initialization 
point  of  292  feet  along  the  display  will  be  moving  at  a  ve- 
locity of  52.35  feet/second,  or  35,69  miles/hour  at  the  end 
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of  the  display,  which  is  608  -  292  =  316  feet  downstream. 
Thus,  the  new  acceleration  model  could  be  used  for  stopped- 
gap  operations  with  the  stop  line  placement  implemented  for 
the  earlier  constant  acceleration  control  strategy. 


CHAPTER  4 
ANALYSIS  OF  TAMPA  SYSTEM  PERFORMANCE 


Objectives  of  the  Evaluation 

Historical  traffic  operational  experience  has  shown 
that  the  areas  with  the  greatest  degree  of  congestion  and 
the  highest  accident  rates  on  urban  freeways  occur  at  the 
entrance  ramps  to  these  facilities  (in  spite  of  the  fact  that 
freeways  are  generally  safer  to  use  than  are  surface  streets) 
The  general  causes  of  accidents  at  such  locations  relate  to 
the  following  factors  [86]  : 

1.  Poor  visibility  due  to  bad  geometric  designs 
or  environmental  conditions. 

2.  The  necessity  for  the  ramp  driver  to  monitor 
a  number  of  moving  vehicles  on  the  freeway 
(mostly  upstream  relative  to  his  position)  and 

other  ramp  vehicles  moving  ahead  of  him,  thus 
dividing  his  attention  in  two  opposing  direc- 
tions . 

3.  The  ramp  driver  has  difficulty  in  accurately 
estimating  the  speeds  of  vehicles  on  the  free- 
way. 
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4.  The  ramp  driver  must  also  monitor  conditions 
in  any  queue  of  vehicles  which  may  be  stopped 
in  the  merge  area  waiting  for  gaps  in  the 
stream  of  freeway  traffic. 

5.  The  existence  of  short  acceleration  lanes  at 
many  existing  freeway  entrance  ramps  signifi- 
cantly increases  the  number  of  accidents  on 
these  ramps,  as  acceleration  lanes  of  less  than 
20  0-foot  length  have  been  shown  to  have  an  ac- 
cident rate  approximately  60%  higher  than  have 
those  with  a  length  of  700  feet  or  greater. 

One  obvious  way  to  improve  the  merging  process  as- 
sociated with  conditions  above  then,  is  to  improve  the  geo- 
metries of  the  intersection  of  the  on-ramp  with  the  freeway 
facility,  for  example,  to  design  the  ramp  to  provide  optimum 
visibility  of  freeway  traffic  in  its  initial  section,  and  to 
provide  an  acceleration  lane  with  a  length  of  at  least  700 
feet  to  assist  drivers  in  the  merging  maneuver.   The  provi- 
sion of  adequate  geometry,  however,  may  not  be  practical  in 
the  case  of  existing  facilities,  as  very  often  the  additional 
land  space  over  that  required  by  a  more  restricted  design  is 
simply  not  available,  particularly  in  crowded  urban  areas. 
Also,  reconstruction  of  existing  facilities  can  prove  to  be 
extremely  costly. 
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An  alternative  to  reconstruction,  then,  is  the  pro- 
vision of  a  ramp  merging  control  system  capability  at  an 
entrance  ramp  location.   Properly  designed  ramp  control  sys- 
tems tend  to  help  alleviate  all  of  the  potential  problem 
areas  associated  with  many  existing  ramps  outlined  above. 
For  example,  the  requirement  for  individual  tracking  of  free- 
way vehicles  by  ramp  drivers  is  theoretically  eliminated 
with  such  systems,  as  the  system  hardware  and  software  does 
this  task  in  the  preparation  of  its  control  decisions-   In 
addition,  control  strategies  can  be  designed  which  alleviate 
the  problem  of  ramp  vehicle  congestion  in  the  merging  area, 
removing  the  need  for  ramp  driver  to  monitor  the  other  ve- 
hicles which  have  preceded  him  there. 

The  green  band  moving  merge  control  system  concept 
provides  the  ramp  driver  with  information  he  finds  diffi- 
cult to  ascertain  for  himself  in  three  categories: 

1.  The  availability  of  an  acceptable  gap, 

2.  The  speed  at  which  to  travel  to  position 
himself  in  this  gap,  and 

3.  The  alignment  within  the  gap  (e.g.,  should 
he  be  at  the  front  end  of  the  gap,  in  the 
middle  of  the  gap,  or  at  the  rear  of  the 
gap)  . 
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As  indicated  earlier,  the  goal  of  any  moving  merge  control 
system  is  to  improve  the  merging  operations  of  the  freeway 
ramp  by  overcoming  the  various  problems  associated  with  its 
operation.   The  purpose  of  the  research  involving  the  Tampa 
Green  Band  System,  then,  is  to  determine  if  this  mission  has 
been  accomplished  successfully,  and  if  the  green  band  merge 
control  system  represents  a  feasible  (or  cost-effective)  so- 
lution to  the  problem. 

Specifically,  the  objectives  of  the  final  evalua- 
tion plan  developed  for  the  Tampa  Green  Band  System  were  to 
determine  the  following  conditions  [74]: 

1.  The  degree  of  improvement  in  freeway  opera- 
tions. 

2.  The  degree  of  improvement  in  ramp  operations 
and  merging  capacities. 

3.  The  degree  of  ramp  driver  assistance  pro- 
vided by  the  system. 

4.  The  reliability  of  system  operations. 

5.  The  cost/effectiveness  of  the  system  (as 
compared  to  the  alternative  of  reconstruc- 
tion to  correct  existing  geometric  design 
problems) . 
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The  evaluation  uses  both  quantitative  and  qualita- 
tive data  for  the  various  analyses,  the  former  consisting 
primarily  of  field  detector  data  recorded  on-line  by  the 
control  computer  associated  with  the  system  for  subsequent 
off-line  evaluation,  and  human  factors  driver  performance 
data,  and  the  latter  primarily  resulting  from  a  public 
questionnaire  survey. 

A  "before"  vs.  "after"  performance  study  of  ramp 
and  freeway  activity  comprises  the  basic  design  of  the 
overall  evaluation  plan.   Table  4  summarizes  all  of  the 
analyses  to  be  conducted.   Coding  for  the  data  sources  in- 
dicated in  the  table  is  as  follows: 

A  -  field  detector  to  computer  tape  (recorded 
on-line  by  the  control  system) 

B  -  closed  circuit  television  and  video  tape 

C  -  available  public  record 

D  -  instrumented  vehicle 

E  -  public  questionnaire 

Data  sources  in  each  category  are  further  classified  as  pri- 
mary (P)  or  secondary  (S)  for  each  study  activity. 
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In  addition  to  the  above  data  sources,  cost  data  for 
the  reconstruction  alternative  will  be  estimated  and  fur- 
nished by  the  Florida  State  Department  of  Transportation, 
and  will  be  used  in  the  final  cost  effectiveness  evaluation 
of  the  ramp  control  system.   Figure  31  shows  an  overall  flow 
diagram  of  the  evaluation  plan,  which  consists  of  a  number 
of  parallel  study  activities.   As  the  scope  of  this  disser- 
tation relating  to  the  evaluation  phase  of  the  Tampa  project 
includes  only  those  areas  involving  the  generation  and  anal- 
ysis of  computerized  performance  data,  the  other  data  collec- 
tion tasks  will  be  outlined  only  briefly  for  background; 
full  details  on  these  activities  may  be  found  in  the  Tampa 
Interim  Project  Reports  [92-95] . 

Measurement  Techniques:   Human  Factors  Study 

Discussions  with  research  psychologists  at  the  Uni- 
versity of  Florida  had  indicated  the  practical  difficulty  of 
using  standard  physiological  measures  of  human  stress  con- 
ditions such  as  galvanic  skin  response  (GSR)  or  heartbeat 
rate  over  the  short  periods  of  time  the  test  drivers  would 
be  in  the  system  (10-15  seconds,  on  the  average),  both  from 
the  standpoint  of  the  required  equipment  complexity  and 
possible  degree  of  insufficient  time  availability  in  the 
test  runs  to  establish  significant  statistical  conclusions 
on   before  and  after  driver  performance. 
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Therefore,  an  alternate  approach  of  measuring  driver 
reactions  in  the  merging  maneuver  was  developed,  based  on  the 
observed  external  behavioral  responses  of  the  test  subjects 
while  they  drove  the  ramp  and  entered  the  freeway  [74,  76]. 

Studies  of  driver  behavior  were  conducted  for  the 
Tampa  Green  Band  System  using  test  subjects  driving  an  in- 
strumented vehicle.   These  subjects  were  monitored  by  a  data 
recording  camera  located  in  the  back  seat  of  the  vehicle  be- 
hind the  driver  position,  which  photographed  driver's  head 
movements  in  a  plastic  mirror  suspended  over  the  driver  on 
specially  constructed  support  framework.   Located  in  the 
field  of  view  of  the  camera  was  a  light  wired  into  the  ve- 
hicle braking  system  giving  an  indication  of  driver  brake 
applications.   Twenty- two  test  subjects  were  asked  to  drive 
the  ramp  both  before  and  after  the  control  system  went  into 
operation.   The  resulting  photographic  data  from  these 
sutdies  will  be  analyzed  to  produce  measures  of  the  follow- 
ing factors: 

1.  Average  speed  and  travel  time  through  the 
ramp  system  (also  available  from  ramp  sen- 
sors) ; 

2.  Frequency,  magnitude,  and  duration  of  head 
movements  of  drivers  while  on  the  ramp; 
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3.   Count  of  brake  applications  throughout 
the  merging  maneuver. 

Statistical  analyses  will  include  paired  tests  of  the  per- 
formance of  each  test  driver  in  the  system  for  before  and 
after  conditions.   The  before  studies  were  conducted  in 
March  of  1974  and  the  resulting  photographic  data  have  been 
reduced  to  computer  cards  for  analysis  by  a  computer  pro- 
gram designed  to  produce  the  measures  outlined  above .  The  after 
studies  were  conducted  in  December  of  1974  and  this  photo- 
graphic data  are  currently  under  analysis. 

Measurement  Techniques:   Public  Opinion  Study 

Public  operation  of  the  green  band  system  in  Tampa 
began  on  July  31,  1974.   Experimentation  with  the  configura- 
tion of  the  control  software  and  with  system  parameter  values 
was  conducted  for  a  period  of  several  months  and  the  techni- 
cal advisory  committee  for  the  project  agreed  on  the  final 
system  design  configuration  in  November  of  1974.   This  final 
system  was  used  by  the  public  for  approximately  one  month, 
and  survey  questionnaires  were  handed  out  to  ramp  drivers  on 
December  15,  1974,  from  7:00  A.M.  to  4:00  P.M.   Ramp  drivers 
were  asked  to  answer  a  series  of  questions  and  to  return  the 
form  to  a  post  office  box  in  Tampa  for  subsequent  evaluation 
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by  the  project  staff.   Figure  32  shows  the  final  design  of 
this  questionnaire. 

At  the  time  of  this  writing,  some  600  question- 
naires  out  of  the  3,000  distributed  earlier  have  been  re- 
ceived, representing  a  return  of  over  20%.   The  replies 
from  these  forms  will  be  keypunched  for  computer  analysis 
and  used  to  generate  statistical  classifications  of  the  an- 
swers.  An  additional  driver  survey  using  this  same  question- 
naire is  planned  to  assess  driver  reactions  during  peak  per- 
iod system  operation,  e.g.,  the  questionnaire  distribution 
for  this  study  will  be  in  the  4:00  PiM  to  7:00  P.M.  period 
only. 

A  limited  manual  analysis  of  the  first  set  of  com- 
pleted questionnaires  was  done  on  the  question:   "Do  you 
feel  that  this  type  of  system  should  remain  operational 
at  this  ramp?"   61%  of  those  drivers  responding  answered 
in  the  affirmative,  33%  answered  no,  and  6%  gave  no  opinion. 
While  definitive  conclusions  on  public  reaction  must  await 
the  completion  of  the  full  analysis,  the  replies  in  this 
one  category  indicate  a  generally  favorable  public  reaction 
to  the  green  band  system  in  Tampa. 
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Florida 


Department  of   Transportation 


You  have  driven  through  a  computer  controlled  system  designed 
to  help  you  ineigc  onto  Interstate  75  at  the  Ashley  Street 
entrance  ramp.  We  are  evaluating  this  new  concept  in  traffic 
control  and  would  appreciate  a  lew  minutes  of  your  lime  to 
complete  this  questionnaire  and  mail  it.   Your  cooperation 
will  help  us  to  provide  facilities  which  are  best  suited  to 
you,  the  motorist. 


This  puhhc  document  was  promulgated  at  a  cost  of 
S177  60  or  $.06  per  copy  to  access  public  reaction 
lo  an  automated  merging  control  system. 


AFTER  GAINING 

when  you  first 

SOME  EXPERIENCE 

USED  THE  SYSTEM 

(5  Trips  or  more) 

Did  you  understand  the  purpos 

□  Yes 

□  Yes 

of  the  moving  green  hands' 

□  No 

□  No 

Did  vou  understand  the 

□  Yes 

□  Yes 

instructions  on  the  signs? 

□  No 

□  No 

Did  you  understand  the  purposi 

Of                □  Yes 

□  Yes 

the  traffic  signals  on  the  ramp' 

□  No 

□  No 

Were  vou  able  to  drive  beside 

□  Yes.c 

asily 

□  Yes,  easily 

the  moving  green  hands'' 

□  With 

nine  difficulty 

□  With  some  difficulty 

□  No,  1, 

o  difficult 

□  No,  loo  difficult 

How  often  do  you  use  this  ramp1 

Sex 

□  Male 

□  Female 

1    1  Less  than  once  a  week 

□  Once  01  twice  a  week 

Age  group 

□  Under  .10 

□  Almost  daily 

□  30- 

55 

□  Over  55 

What  time  do  you  generally  use 

this  ramp  '  (check  all  that  apply! 

How  many  years 

□  Less 

llxin  2  yrs. 

have  you  been 

□  2-10 

yrs. 

□  Morning  Rush  Hour 

driving' 

□  More 

than  10  yrs. 

□   1  veiling  Rush  Houi 

□  Other  Times  (Day) 

Number  of  Miles 

.□Less 

than  5000 

□  Othei   limes  (Night) 

driven  annually 

□  500C 

■  20,000 

□  More 

than  20,000 

l\i  vou  /eel  tliat  the  System  has 

helped  you  to  enter  the  Freeway? 

Do  you  feel  tltat  this  type  of 
System  should 

□  Yes,  merging  is  easier 

Yes 

No 

□   No,  Made  no  difference 

Remain  operational  at  this  Ramp 

□ 

□ 

□   No,  Merging  is  more  difficult 

□  Not  sure 

Be  installed  at  other  entrance 
Ramps  Willi  merging  problems 

□ 

□ 

Please  make  additional 

He  installed  jt  all  entrance 

□ 

□ 

comments  on  reverse  side 

Ramps 

Figure    32,       Public   Opinion   Questionnaire    for   Tampa   Green 
Band   System   Evaluation 
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Measurement  Techniques: 
Computer  Analysis  of  Field  Sensor  Data 


Recall  that  the  Woburn  Green  Band  System  ramp  con- 
trol program  checked  field  sensor  status  500  times  per  sec- 
ond, and  wrote  all  four  sensor  status  words  and  the  system 
time  word  onto  magnetic  tape  if  any  one  bit  changed  status 
from  on  to  off  or  off  to  on.   This  approach  required  the  re- 
cording of  five  data  words  or  ten  8-bit  bytes  for  one  sensor 
bit  changing  levels  in  the  worst  case,  and  was  potentially 
capable  of  producing  a  relatively  high  tape-writing  over- 
head work  load  on  the  overall  computer  performance  associ- 
ated with  the  system.   Recall  also  the  use  of  140-word  buf- 
fers for  writing  the  assembled  sensor  data  onto  the  tape  in 
the  system,  as  was  represented  in  Figure  8  of  Chapter  2. 
The  Woburn  data  logging  program  used  two  140-word  buffers 
for  the  data  logging  process,  writing  in  one  buffer  in  core 
memory  while  the  other  buffer  was  being  written  to  the  tape. 
When  the  current  core  buffer  was  full,  the  process  was  re- 
versed to  continue  the  data  logging  operations. 

The  instrumentation  system  installed  in  the  field 
for  the  Tampa  Green  Band  System  was  reviewed  in  Chapter  3 
and  depicted  in  Figure  14.   The  assignment  of  the  various 
field  sensor  channels  to  the  input  hardware  buffer  words 
used  in  the  Tampa  Green  Band  System  is  shown  in  Figure  33, 
Four  16-bit  words  were  available  for  input  purposes  in  the 
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Raytheon  hardware.   The  use  of  61  field  sensors,  therefore, 
resulted  in  a  utilization  of  all  but  three  of  the  64  avail- 
able data  bits  in  these  words.   Assignments  of  Tampa  sensor 
functions  to  the  various  input  word  bit  locations  were  made 
to  correspond  to  their  Woburn  site  counterparts  whenever 
possible,  minimizing  the  need  for  software  changes  in  the 
control  program  to  process  differing  bit  locations  for  the 
same  purpose.   As  the  data  logging  program  processed  input 
bits  in  groups  of  16-bit  words,  the  sensor  locations  within 
each  word  with  respect  to  data  logging  were  not  an  important 
consideration. 

The  evaluation  plan  called  for  the  processing  of 
a  considerable  amount  of  on-line  control  system  operating 
data,  so  considerable  attention  was  paid  to  the  question  of 
an  efficient  data  recording  scheme  to  be  used  with  the  operat- 
ing green  band  control  system.   This  work  resulted  in  the 
design  of  an  entirely  new  data  logging  concept  from  that 
used  in  the  Woburn  system.   This  new  technique  also  scans 
sensor  inputs  at  a  rate  of  500  times  per  second  and  tests 
input  words  individually  for  changes  from  the  values  read 
at  the  last  sensor  scan.   However,  when  changes  are  detected 
in  the  Tampa  system,  the  individual  bits  comprising  the  word 
are  tested  against  their  previous  values,  and  in  the  case  of 
a  single  sensor  bit  changing  status  in  a  given  sensor  scan, 
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only  one  word  of  information  is  written  to  the  tape,  as  op- 
posed to  the  five-word  block  comprising  the  four  sensor 
words  and  a  time  value  used  in  the  Woburn  system. 

A  format  of  this  sensor  data  change  word  used  in 
the  data  logging  system  is  outlined  in  Figure  34,  which  also 
represents  other  elements  of  the  data  logging  scheme  adopted 
for  the  Tampa  system.   The  Raytheon  7  04  computer  used  in  the 
Tampa  Green  Band  System  allows  word  or  byte  addressing,  and 
thus  the  four  16-bit  sensor  words  mentioned  above  can  be  con- 
sidered as  consisting  of  eight  8-bit  sensor  bytes  which  are 
coded  as  bytes  0-7.   Then,  the  sensor  data  change  word  written 
to  the  tape  consists  of  (1)  a  4-bit  code  containing  the  coded 
number  of  the  sensor  byte  containing  the  bit  or  bits  which 
changed  data  in  the  last  tape  scanning  period,  (2)  4  bits 
representing  the  number  of  2-millisecond  clock  intervals  that 
have  occurred  since  the  last  sensor  timing,  and  (3)  8  bits 
of  data  giving  the  sensor  byte  contents  which  have  been  de- 
tected as  being  different  from  their  previous  values.   The 
use  of  four  bits  of  time  information  in  the  sensor  data  change 
word  presented  a  problem  as  the  maximum  time  interval  that 
could  be  represented  in  this  scheme  is  2 "  x  0.002  =  32  milli- 
seconds.  To  handle  this  restriction,  another  type  of  tape 
data  word  was  used  to  mark  4-bit  clock  overflows.   This  word 
consisted  of  a  4-bit  code  and  the  remaining  12  bits  of  the 
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VARIABLE  POSITIONING 

Or  DATA  ITEMS  WITHIN 
EACH  BLOCK  WRITTEN 
TO  TAPE 


DATA 
CODE 

DATA             j  DATA 
ITEM               STRUCTURE 

0-7 

SENSOR           !  1  WORD(  4  TIME  BITS, 
DATA  CHANGE       j  4  CODE  BITS,  3  DATA  BITS) 

8 

TELETYPE 
MESSAGE 

3  7  WORDS (  4  CODS  BITS  AMD 
12  UNUSED  BITS  IN  FIRST  WORD  .1 
72  8-BIT  CHARACTERS  IN  THE 
REMAINING  36  WORDS) 

10 

DATA  LOGGING 
END  BLOCK 

i 

1  WORD(  4  CODE  BITS, 
12  UNUSED  BITS) 

12 

DRIVER  DISPLAY 
EVENT 

15  WORDS (  4  CODE  BITS  AND 
12  UNUSED  BITS  IN  FIRST  WORD. 
10  WORDS  OF  GREEN  BAND  BULB 
STATUS,  4  WORDS  OF  SYSTEM 
STATUS  DATA) 

15 

CLOCK  OVERFLOW    j  1  WORD  (  4  CODE  BITS  AND 
WORD              |  12  HI-ORDER  TIME  BITS) 

i __ ■ — — — 

Figure  34.   Data  Logging  Routine  Tape  Block  Format  for  the 
Tampa  Green  Band  System 
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16-bit  system  time  word  not  represented  in  the  individual 
sensor  data  change  words  previously  discussed. 

Provisions  were  also  made  to  record  driver  display 
data  from  the  field  consisting  of  the  status  of  the  152  bits 
controlling  the  green  band  bulbs  and  of  the  control  bits  for 
the  ramp  signs  in  a  fashion  similar  to  the  Woburn  system 
operation.   In  the  Tampa  system,  these  driver  display  data  are 
recorded  at  a  fixed  rate  of  four  times  per  second,  represent- 
ing a  departure  from  the  Woburn  system  concept,  which  stored 
such  data  asynchronously  in  time  after  a  fixed  number  of 
sensor  word  groups.  The  use  of  a  fixed  recording  rate  for 
driver  display  data  allows  a  higher  degree  of  consistency  in 
processing  these  data  off-line  than  was  possible  with  the 
other  approach.   The  driver  display  output  data  format  to 
the  tape  is  shown  in  Figure  34,  and  uses  a  total  of  15  words 
of  data  for  each  display  record. 

Another  significant  difference  from  the  Woburn  sys- 
tem data  logging  capability  is  supported  in  the  Tampa  data 
logging  routines,  and  consists  of  a  provision  for  typing 
alphanumeric  data  into  the  teletype  keyboard  while  the  data 
logger  program  is  active,  and  then  having  this  information 
transferred  to  the  data  tape  in  the  form  of  a  coded  string 
of  binary  numbers.   This  allows  a  capability  for  run  identi- 
fication data  to  be  stored  on  the  tape  with  the  correspond- 
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ing  study  data.   Operator  comments  concerning  conditions  de- 
tected in  the  operation  of  the  system  may  also  be  entered, 
and  all  messages  detected  on  the  study  tapes  as  printed 
by  the  off-line  data  analysis  program  with  the  study  outputs 
to  give  a  capability  for  the  identification  of  the  existence 
of  unexpected  operating  conditions.   Buffer  storage  in  the 
on-line  control  program  is  provided  to  hold  a  72-character 
comment,  as  this  represents  the  usable  line  length  on  the 
teletype  printer.   If  this  is  not  sufficient  to  hold  the 
amount  of  descriptive  information  the  system  operator  needs 
to  enter,  additional  lines  of  data  may  be  typed  in  succession, 
each  restricted  to  the  72-character  limit. 

The  data  logging  program  is  configured  to  remain 
inactive  until  a  teletype  message  has  been  received  after 
data  logging  has  been  enabled  through  a  sense  switch  on  the 
computer  control  panel.   This  feature  was  used  to  allow 
studies  to  be  started  at  specified  points  in  time  to  provide 
a  capability  for  replicating  the  timing  of  data  sampling 
periods.   The  requirement  to  enter  a  teletype  message  before 
data  logging  can  begin  has  the  effect  of  requiring  the  sys- 
tem operator  to  enter  study  identification  data  on  the  tape 
file  at  the  beginning  of  each  study,  facilitating  an  auto- 
matic tape  data  identification  system. 
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As  indicated  in  Figure  34,  data  for  eventual  tape 
storage  is  routed  by  the  on-line  program  into  one  of  two 
1500-word  storage  buffers  in  core  (recall  that  the  Woburn 
system  used  two  140-word  buffers  for  this  purpose) .   The 
decision  to  use  larger  data  buffers  for  this  function  in 
Tampa  was  based  on  considerations  of  how  the  data  are  trans- 
ferred to  tape  in  the  recording  process.   Each  time  a  com- 
pleted data  block  is  to  be  written  to  the  tape,  the  tape 
drive  control  unit  must  first  be  instructed  to  get  the  tape 
moving  at  the  proper  recording  speed.   Then,  data  words  are 
sent  to  the  tape  control  unit  "one-at-a-time , "  using  program 
interrupts  generated  by  the  tape  control  unit  when  each  word 
has  been  recorded  to  initiate  the  transfer  of  the  next  suc- 
cessive word  from  the  buffer  in  core.   When  all  words  in  the 
output  buffer  have  been  recorded,  the  tape  control  unit  must 
be  instructed  to  write  an  inter-record  gap  on  the  tape  and 
then  to  stop  the  tape  motion.   As  the  operations  associated 
with  starting  and  stopping  the  tape  require  relatively  long 
periods  of  time  with  respect  to  the  time  required  to  actual- 
ly write  data  once  the  tape  is  moving,  the  use  of  smaller 
data  buffers  can  greatly  increase  the  computing  workloads 
associated  with  data  logging  operations.   Of  greater  import- 
ance, however,  is  the  fact  that  the  use  of  tape  buffers  which 
are  too  small  can  introduce  the  strong  possibility  of  missing 
data,  as  the  core  buffer  currently  being  used  to  hold  process 
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in  such  cases  may  be  filled  to  capacity  while  the  previous 
buffer  is  still  being  written  to  the  tape. 

When  one  of  the  Tampa  data  buffers  is  full,  it  is 
written  on  tape  in  the  form  of  a  3,000-byte  data  block,  and 
the  other  buffer  is  selected  to  hold  the  process  data  as 
they  arrive.  Exact  recording  rates  vary  with  changing  traf- 
fic conditions  on  the  freeway  and  ramp,  but  each  block  of 
data  written  to  the  tape  typically  represents  on  the  order 
of  one-half  minute  of  system  operation.   As  the  tape  is 
written  at  a  density  of  800  8-bit  bytes  to  the  inch,  a  3,000- 
byte  buffer  of  tape  data  occupies  less  than  four  inches  of 
storage  space  on  the  tape.   Then,  assuming  an  inter-record 
gap  spacing  between  the  data  blocks  on  the  tape  of  0.6  in- 
ches [90,  pp.  5-110],  this  means  that  some  50  hours  of  operat- 
ing data  for  the  Tampa  Green  Band  System  may  be  stored  on  a 
single  2,4  00-foot  data  tape.   In  practice,  data  logging  is 
done  in  periods  of  several  hours  to  facilitate  the  statis- 
tical blocking  of  study  data  into  representative  cell  values, 
and  each  tape  represents  several  days  of  system  activity. 

Off-Line  Data  Analysis 

As  discussed  earlier,  the  data  tapes  prepared  by 
the  on-line  green  band  control  system  data  logging  program, 
contain  data  of  three  basic  categories:   (1)  field  sensor 
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state  changes  and  associated  time  inf ormation ,  (2)  driver 
display  information  containing  the  status  of  all  of  the 
green  band  bulbs  and  field  signs,  and  (3)  teletype  messages 
from  the  system  operator  generated  during  operations  of  the 
system.   Special  purpose  software  to  read  the  data  tapes 
generated  by  the  on-line  control  system  and  produce  usable 
outputs  was  developed  for  the  Tampa  Green  Band  System,  and 
is  denoted  by  the  acronym  TOGAP ,  representing  Tampa  Opera- 
tional Green  Band  Analysis  Program.   Figure  35  shows  the 
internal  structure  of  TOGAP,  which  consists  of  a  main  routine 
and  23  subroutines  whose  individual  functions  with  respect 
to  the  computation  of  system  performance  indices  will  be 
discussed  later  in  this  chapter  after  a  general  overview  of 
the  operation  of  TOGAP.   A  listing  of  the  program,  which  is 
coded  in  the  FORTRAN  IV  computer  language,  may  be  found  in 
Appendix  A.   Program  development  and  production  runs  were 
conducted  on  an  IBM  System/370-165  computer  located  at  the 
Northeast  Regional  Data  Center  of  the  State  University  Sys- 
tem of  Florida  on  the  Gainesville  campus  of  the  University 
of  Florida. 

The  MAIN  routine  reads  run  description  cards,  prints 
and  punches  output  headings  and  calls  on  subroutine  TIMID  to 
process  the  data  from  the  on-line  tapes.   A  variety  of  out- 
put options  are  available,  including  a  detailed  analysis  of 
vehicle  trajectories  through  the  ramp  and  freeway  system. 
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Other  operating  options  include  provisions  for  punching  data 
on  merging  vehicle  arrival  times  at  sensor  locations  in  the 
merge  area,  which  can  then  be  used  for  subsequent  gap  avail- 
ability, gap  acceptance  and  gap  rejection  studies,  and  out- 
put containing  sensor  information  available  to  the  on-line 
control  system  for  use  in  generating  green  bands.   The  use 
of  the  latter  type  of  information  will  be  described  later 
in  Chapter  5  when  the  development  of  a  green  band  control 
program  simulation  model  is  discussed.   Another  option  con- 
trolled by  variables  read  by  the  main  program  is  the  use  of 
the  TOGAP  system  for  the  analysis  of  both  before  and  after 
data  tapes  generated  by  the  Tampa  system.   The  Raytheon 
analysis  software  for  the  Woburn  site  included  separate  pro- 
grams for  the  three  cases  of  no  control  system  in  operation, 
Pacer  system  in  operation,  and  green  band  system  in  opera- 
tion [80]  . 

Subroutine  TIMID  schedules  data  tape  processing 
for  each  case  requested,  and  calls  for  summary  output  at  the 
end  of  the  time  period  specified  for  the  study.   TIMID  calls 
subroutine  EVENT  to  read  and  decode  data  tapes.   Each  time 
a  sensor  event  is  detected,  which  is  defined  as  a  vehicle 
reported  entering  or  leaving  a  loop  sensor,  subroutine  TRACK 
is  called  to  process  the  event  and  to  perform  vehicle  track- 
ing, which  consists  of  identifying  individual  vehicles  within 
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the  system  as  they  pass  through  various  freeway  or  ramp  sen- 
sor sequences. 

Subroutine  TRACK  calls  on  a  number  of  support  rou- 
tines to  collect  the  operating  data  on  vehicle  behavior 
within  the  system.   Routines  RNOISE  and  NOISE,  for  the  com- 
putation of  ramp  vehicle  acceleration  noise  and  freeway  ve- 
hicle acceleration  noise,  respectively,  are  provided.   A 
routine  named  ETACHK  is  used  to  punch  a  card  containing  data 
passed  to  the  master  control  routine  green  band  system  by  the 
highway  vehicle  processor  each  time  a  new  freeway  vehicle 
ETA  at  the  merge  point  is  available.   Subroutine  FMDSAV  is 
used  to  maintain  a  table  of  current  freeway  vehicle  arrival 
times  at  the  merge  point  for  use  in  gap  projection  analysis. 
Subroutine  GRBAND  is  called  by  TRACK  to  analyze  ramp  vehicle 
movement  with  respect  to  the  green  band  display  element. 

Additional  subroutines  in  the  TOGAP  system  include 
subroutine  SONICS,  which  processes  information  obtained  from 
the  modified  sonic  detectors  located  along  the  acceleration 
lane  guard  rail,  and  subroutine  MODEXX,  which  performs  an 
analysis  of  system  modal  behavior  in  the  on-line  control 
program.   In  addition,  subroutine  OUT  is  called  by  TIMID  at 
the  end  of  each  tape  run  to  generate  statistical  output  in- 
formation on  the  system  performance  during  the  course  of  the 
run. 
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Vehicle  Identification  and  Tracking  in  TOGAP 

The  basic  purpose  of  the  TOGAP  program  is  to  trans- 
form magnetic  tape  data  generated  by  vehicle  actuations  of 
field  sensors  into  useful  data  on  system  performance.   Figure 
36  shows  representative  field  sensor  data  after  processing 
from  the  on-line  data  tapes  by  subroutine  EVENT.   The  en- 
tries in  the  computer  table  represented  in  the  output  are , 
respectively,  the  table  row  number  of  the  event,  the  input 
channel  of  the  particular  sensor  (a  driver  display  event  is 
assigned  to  Channel  No.  65),  indication  of  the  sensor  event 
status  (1  if  the  sensor  came  on,  0  if  the  sensor  went  off) , 
the  time  of  the  sensor  event,  and  the  sensor  channel  name. 
In  addition,  the  driver  display  events  are  printed  with  in- 
formation on  the  status  of  the  152  bulbs  comprising  the 
green  band  display  in  the  field,  and  information  on  the 
status  of  the  various  ramp  signs,  as  well  as  the  current 
values  in  the  on-line  control  system  for  merge  velocity, 
VMRG,  three-minute  freeway  velocity  average,  VBAR,  and  the 
three-minute  freeway  volume  count  downstream  of  the  merge 
area,  Q.   In  addition,  the  printout  for  the  driver  display 
includes  the  information  on  the  current  control  system  mode 
obtained  at  the  last  update.   Also,  the  variable  GBMSK  is 
printed,  which  is  the  variable  used  in  the  on-line  control 
program  to  initiate  a  green  band  masking  in  response  to  ramp 
congestion . 
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As  indicated  earlier,  the  main  routine  calls  on 
subroutine  TIMID  to  analyze  data  tapes  generated  on-line, 
and  TIMID  calls  subroutine  EVENT  to  prepare  tables  such  as 
represented  in  Figure  36.   Each  table  represents  the  reduc- 
tion of  a  single  3,000-byte  tape  record  to  event  status 
data.   Upon  returning  from  EVENT,  TIMID  scans  the  prepared 
data  table  and  identifies  events  in  the  table  to  schedule 
processing  of  the  respective  events.   Subroutine  MODEXX  is 
called  to  update  stored  information  on  the  status  of  the 
driver  displays  if  a  channel  number  of  65  is  detected.   Simi- 
larly, subroutine  SONICS  is  called  if  the  reported  channel 
number  of  the  current  sensor  actuation  is  that  associated 
with  one  of  the  eleven  sonic  detectors  along  the  guard  rail 
of  the  merge  area.   If  the  next  entry  in  the  data  table  pre- 
pared by  subroutine  event  is  not  a  driver  display  event  or 
a  sonic  detector  event,  subroutine  TRACK  is  called  to  im- 
plement vehicle  identification  and  tracking.   Before  the 
call  to  TRACK  is  made  by  subroutine  TIMID,  the  channel  number 
associated  with  the  field  sensor  event  is  converted  to  an 
internal  sensor  code  for  use  by  TRACK.   Table  5  shows  these 
sensor  codes  for  the  Tampa  system.   The  need  for  the  conver- 
sion of  input  channel  codes  to  sensor  codes  is  related  to 
the  methods  used  for  projecting  vehicle  movements  from  one 
sensor  to  another  in  the  programs,  as  the  processed  data  are 
held  in  FORTRAN  arrays  whose  subscripts  indicate  the  position 
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of  the  sensor  in  the  system,  and  consecutive  ordering  of 
sensors  in  a  given  sequence  is  therefore  needed  to  imple- 
ment vehicle  movements  throughout  the  sequence. 

Subroutine  TRACK  processes  all  sensor  events  in 
the  system  not  related  to  sonic  detector  actuations  or 
field  display  activity.   Upon  entry,  a  transfer  is  made  to 
one  of  six  sections  in  the  program  representing,  respective- 
ly, code  for  the  following  sensor  event  times: 

1.  Freeway  vehicle  arrival  at  the  leading 
edge  of  a  freeway  sensor  station  (T3) ; 

2.  Freeway  vehicle  departure  from  the  first 
loop  of  a  freeway  sensor  station  (T4) ; 

3.  Freeway  vehicle  arrival  at  the  second 
loop  in  a  freeway  sensor  station  (Tl) ; 

4.  Freeway  vehicle  departure  from  the  second 
loop  in  a  freeway  sensor  station  (T2) ; 

5.  Vehicle  arrival  at  a  single-loop  detec- 
tor leading  edge  (TIN) ; 

6.  Vehicle  departure  from  the  trailing  edge 
of  a  single-loop  presence  detector  (TOUT) . 

The  processing  done  by  TRACK  is  reviewed  below  for  each  of 
these  cases. 
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At  a  T3  event,  the  sensor  number  is  checked  to  see 
if  the  event  represents  a  new  vehicle  arrival  at  the  most 
distant  upstream  freeway  sensor,  F7.   If  in  fact  a  new  ve- 
hicle has  been  detected  at  this  location,  the  count  of  ve- 
hicle identification  numbers  which  have  been  assigned  previ- 
ously is  incremented  by  1  and  the  resulting  number  is  as- 
signed as  the  identification  number  which  will  be  associated 
with  this  vehicle  as  it  passes  through  the  remaining  sensors, 
Similarly,  if  a  vehicle  is  detected  at  any  of  the  down- 
stream sensor  stations  at  a  T3  event  which  has  not  been  ex- 
pected at  this  time,  a  "cut-in"  is  claimed  for  the  vehicle, 
and  a  new  vehicle  number  is  similarly  assigned.   Assuming, 
however,  that  the  vehicle  associated  with  the  current  T3 
event  is  not  associated  with  a  new  entry  to  the  system,  the 
time  of  vehicle  arrival  at  the  sensor  is  checked  to  see  if 
it  is  within  the  time  of  arrival  at  this  sensor  predicted 
as  a  result  of  its  detection  at  the  previous  upstream  sen- 
sor.  If  the  time  of  arrival  of  the  vehicle  in  question  is 
greater  than  that  predicted  at  the  previous  sensor  with  a 
given  tolerance,  a  "cut-out"  is  claimed  and  the  vehicle  is 
removed  from  the  sensor  lists  established  for  it  earlier. 
If  the  T3  event  is  identified  as  being  associated  with  a 
vehicle  moving  through  the  system  within  the  projected  tra- 
jectory values,  the  vehicle  parameters  are  removed  from 
the  previous  sensor  list  and  projected  ahead  to  the  next 
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downstream  sensor.   Control  is  then  returned  to  subroutine 
TIMID  to  process  the  next  sensor  event, 

At  a  T4  event,  representing  a  freeway  vehicle  de- 
parture from  the  first  loop  within  a  sensor  station,  the 
time  of  the  vehicle  passage  from  the  sensor  is  recorded  and 
control  is  returned  to  subroutine  TIMID.   No  subsequent  use 
of  the  T4  time  information  is  made  in  the  analysis  programs, 
but  it  is  included  to  provide  a  full  capability  for  provid- 
ing sensor  timing  reports  if  the  vehicle  tracking  print  op- 
tion is  selected. 

At  a  Tl  event,  representing  a  freeway  vehicle  ar- 
rival at  the  second  loop  of  a  freeway  sensor  station,  the 
velocity  and  acceleration  of  the  current  freeway  vehicle  are 
computed,  using  the  following  expressions: 

VEL(I,J)  =  GAGE  (I)/(T1(I,J)  -  T3  (I, J) 

ACC(I,J)  =  (VEL  (I, J)-  PV  (I, J)  )/(T3  (I, J) 
-  PT(I,J)) 

where  I  =  sensor  number  on  freeway  or  ramp, 

J  =  vehicle  track  number, 

GAGE (I)  -   distance  from  leading  edge  of  first  loop 
to  leading  edge  of  second  loop  for  sensor 
I  (nominally  20  feet) , 
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VEL(I,J)  =  velocity  of  the  Jth  vehicle  in  the  Ith 
sensor, 

ACC(I,J)  =  acceleration  of  the  Jth  vehicle  in  the 
Ith  sensor, 

Tl(I,J)   =  Tl  time  of  the  Jth  vehicle  in  the  Ith 
sensor, 

T3(I,J)   =  T3  time  of  the  Jth  vehicle  in  the  Ith 
sensor, 

PV(I,J)   =  velocity  at  the  previous  sensor  of  the 
Jth  vehicle  in  the  Ith  sensor, 

and    PT(I,J)   =  time  at  the  previous  sensor  of  the  Jth 
vehicle  in  the  Ith  sensor. 

In  addition  to  the  velocity  and  acceleration  and  computa- 
tions made  at  the  Tl  time  outlined  above,  the  estimated 
times  of  arrival  for  the  current  vehicle  at  the  next  sensor 
and  at  the  merge  point  are  then  computed  by  the  following 
equations : 

ETANO(I,J)  =  T3(I,J)  +  DM(I)/V(I,J) 

ETA(I,J)  =  T3(I,J)  +  DS(I)/V(I,J) 

where  DM (I)  =  distance  fron  sensor  I  to  sensor  I  +  1 

and    DS(I)  =  distance  from  sensor  I  to  merge  point. 


167 


In  addition  to  the  processing  done  above,  each  time 
a  new  freeway  vehicle  velocity  measurement  is  available  sub- 
routine NOISE  is  called  to  accumulate  freeway  vehicle  ac- 
celeration noise  data,  and  its  operation  will  be  discussed 
later. 

At  a  T2  event,  representing  a  freeway  vehicle  de- 
parture from  the  second  loop  of  a  double-loop  velocity  sen- 
sor, the  length  of  the  current  freeway  vehicle  is  computed 
from  the  following  expression: 

LEN(I,J)  =  (T2(I,J)  -  T1(I,J))*  V(I,J)  -  W 

where  LEN(I,J)  =  length  of  Jth  vehicle  in  the  Ith  sensor 
(feet) , 

and  W  =  assumed  width  for  second  loop  in  a  free- 

way sensor  station  (nominally  6  feet) . 

In  addition  to  the  length  computations  outlined 
above  at  a  T2  event,  the  assembled  set  of  information  for 
the  current  freeway  vehicle  is  printed,  if  this  option  has 
been  selected.   Figure  37  shows  representative  vehicle 
tracking  as  performed  by  the  TOGAP  system.   The  first  col- 
umn in  the  figure  is  the  sensor  number  for  the  vehicle  in 
question,  and  ranges  from  1  to  7  for  freeway  sensors  F7  to 
Fl,  respectively.   It  is  difficult  to  follow  the  progress 
of  individual  freeway  vehicles  through  the  system  from  this 


168 


o         o  -r  <*     •*     ^N 

in         ~>  3  o     m      o  — 
o  "j     o  •-•  f~  n      -0  o  ^  -t 


■\j  cm  —  -i 

O  <j  O  a  .M 


00>fOO   3   C  —  M 


CM  CM  CM-.—  ox  :m  x  o  — 

„  n  n  3>  im  _  so  c  i  n  o 

O  —  n  ^.  CO  cm  <»  O  n  OUI 

N  <o  nsn  a  3  r»  <3  -£  x 


cm  cm     cm  o  O  o     n  ^  n  in     n  n  in  o  n      <j  o  n  s.  n  —  <on 

cm  X      ir  n  ^  r*      <i  —  r-  rj      IT  t:  c  x  x      rir  o^ir»M  s^rj 

C  3       h  !•■»  O  ?       N  O  O  —       ^~  ^  O  c:  ^       X;*0-'£?-.Os) 


co     n     m     m     «rn     o  —     —  m 


o  o 


3o      cc  o  cu  r 


CC  X  O  03 

in  r-  cv  r- 
—  rj  f-  i 


O  Ifi  O  O  5> 


o o  oo  <i  »m  o  - 
o  i)^or^«- 
o  i*>  ^  n  <;  n  s  • 


o^o  —     c.  — 

o  cm  n     e J  o 

N  O  O       h  C 


4!<l       "r>N 
3-       ■)S1 

r-  r*.     ino 


c«fo      <t  3  —  < 

C  N  "J  <f       OX'-'"'" 
CO-lfi       N  >"M  O  — 


X  <j  <t  <i  CM 

O  ^  X  O  — 

x  m  <  irt  "^ 


X^CMO-»<»—  f-N 
I\J  lfl  <I  J:  X  cn  c  <  Ml 
N  X  ?JU"1  <J  O  :*•  —  ifi 


CM       CM       — 


N       N       O 


-i      —      cm 


m  —  in 

«j  <M\) 


<}  X  X 

cm  x<t 

<f>ff 


o  o 

O  X 
O  <J 


O  o 

O  Tt 


scj  ur>  n  <n 
no  <  w 
nn     —  — 


©  O        tVQ 

mx     xn 
•n »     k.t> 


e  ino     x  o     ?>  —     cm  n 


m  in  n  —  cm  o  o  in  cm  cm 
n  3-  NncO  o  o  ^  a* 
a  r-     oof.'Ji     c*  n  c-i  cm 


C  IT-  O  c  °       OO^o^LlOifi^o 

.c  m  o  i  o     on<nij;<i«;-» 
^  s  n  rj  »-      N<jL''^-h*<i^,*rf 


X  o  3«dn  o  O  rj  o  cm  cm  o  <\j  tf  o^oOxoo.'M'M 
i3»  n  o  x  n  >  o  —  o  -i  inoon^J  J^oo^-^o^ 
a*  «r     ox  —  X     n  <■  cm  a*     so^joo      >NHi\3-.oofy 


CDOCM       -O  4 
StJO        o  <t 

ojin     -ox 


«  r\j  OCM 
o  o  o  o 
•-•-.     no 


<luOO        X  B       J-  _ 


■J 

oo  ■» 

oo 

cm  cm 

oo 

MO 

O  <}  X  o 

<t 

£  -t  o 

M  X 

9  !"1 

n  n 

■OX 

r-  ■*  _.  > 

m 

—  O-^ 

Na- 

CM  CM 

«••»■ 

■0  — 

s  -c  a  i\ 

OO       XXruX       .MON4       ojXO-tf^       OOO^XOXCiTJ 

n <j      ■O'oiiix      o  —  x n     H^g^o     ?d  iio-^^io^ 

O—       ^  1.1  >~  Jl       ?•  ~  X  3        3    3  ?  >•  1        03N',*,-.i.".7 


X(\JOAJ       XOo^O-*       NOOrJ5J<»iJ  5« 

o  j:i.i     o  -n  -  rj  a     '»  j  ?  *  3  -i  •»  ■>-  n 

O  —  O  0       1,1  f» "> f» I"       ^y-TT-JlS? 


+J 

3 

o 

c 

•H 

o 
(d 

Eh 


<j*n  o     ^o     c*^     (\j^ 


o<»  o 

O  rvj 

(NJO 

oO 

Xo 

<toj 

-4  o 

m  -* 

unoo 

cj  x 

x  yir) 

<  in 

c*» 

C><f    3 

r,  x 

TooiN       XXOX       O^OOo 

x  o  n  (?     —no—     o  -><♦  r".  r> 
4-n^oj      r^  x  ~.  n      —  -j  o  .?  o 


OcOO<jfJO-3   o 

rj  c  J  -t  i/i  i  r>  n  f^ 


o      —     r>     run  o 


o      o      o      o      Coo      oo      oo      oo  OO      OOOo      oooo      OcOOO  oocoooooo 

o      o       O      O      OoO           o      oo      oo  O           OOO      O       OO      OoOOO  o°oooooo 

O       CM       O       fM        XXO             O       CNJfM       CM-*  It             O             XCMCM       O       »*<t        ^CUO'Ctf  xxocmoxo* 

f  <J  —  X  —  O       X  — o           —  *3       —X—      CM—  CO           X                     X—                CM—  O                         —       — 

—  Oh-oo-e  —injju.MO  m  m  -^ 

oocjoxo  suTNErn-t  o  s-  t 

•  «cm  •—  •r"#  .cm  •<yrrj<y  'inn  •^■in  -rim—  «^j^  •x-v')^x  ••^osx  •inaNNXo  •onXoo^'^xo 
oo     —     —     nn  xoc\j|-inO  o  n  N—  —  — 


cm 


cm 


N 


cm      cm      cy     —      CJ. 


OoO   OO   OO   OO     OO   OOCO   Oo°0   OOOOO   OOOOOCoC'O 
—     f.NO-—         —         S  — 


> 

>1 

0) 

P4 


•^  —     —     —     cm     —  cm  cm     — "n     n—     <  —  o     cmcm     nncMn     ^<cMn     in*n*-«     m^inm'.nincoin 

u  — 

a. 

~>     ao— cr  —  rr— or  —  c  —  —  fMcr—  nc  —  —  a  —  —      n-MMarynWM0'tf<»^\i''<i'0'r<*aipa<t^i'"l^o^'^ 


^Z,0-z-;iM2->\«z-ro"»3-«->zwnii:-'inNriz<i«wnJiii<'ij>iZiii<;iriciii.';0<ii,'' 
-~0       —       0—  -QO  --.  „  c  - 

»-   H       ►-       l-       I-       I-  (-•  H  I •-  i-  -  *-  »-  f-  >- 

I-  U       C       lv       O       u  '.J  U  U  —  U  V  V  U  vJ 


169 


tabular  output,  and  a  different  method  of  displaying  essen- 
tially the  same  information  was  developed,  as  represented  in 
Figure  38.   In  this  latter  approach,  vehicles  are  printed 
at  a  horizontal  spacing  on  the  output  page  corresponding  to 
their  position  in  the  upstream  freeway  area,  and  their 
progress  through  the  various  freeway  stations  may  be  easily 
noted.   Consider,  for  example,  the  progress  through  the  sys- 
tem of  Vehicle  No.  5,  which  was  first  observed  at  sensor  1  at 
a  time  8.980  seconds  into  the  run.   The  information  displayed 
for  each  vehicle  at  each  freeway  station  consists  of  the  ve- 
hicle number  and  estimated  time  of  arrival  at  the  merge  point 
on  the  first  line  of  station  output,  and  the  vehicle  velocity 
and  length  (in  feet)  on  the  second  line  of  each  station  out- 
put.  Note  the  changes  in  these  parameters  as  Vehicle  5  pro- 
ceeds through  the  system.   These  changes  have  important  im- 
plications to  the  operation  of  the  on-line  green  band  con- 
trol program,  and  their  effects  will  be  reviewed  in  greater 
detail  in  Chapter  5. 

Subroutine  TRACK  also  processes  the  information 
from  single-loop  detectors  installed  on  the  freeway  and  ramp 
in  much  the  same  manner  as  it  does  from  the  double-  loop  de- 
tectors, with  several  significant  differences.   At  a  TIN 
event,  the  time  of  loop  activation  is  recorded  for  occupancy 
calculations  to  be  performed  when  the  vehicle  leaves  the  loop. 
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Also,  the  velocity  of  the  vehicle  at  the  current  sensor  is 
computed  from  the  following  expression : 

V(I,J)  =  (DIST(I)  -  DIST(I-l) )/(T3(I,J)  -  PT 
(I, J)) 

where  DIST(I)  =  distance  from  first  sensor  on  ramp  or 
freeway  to  sensor  I, 

and  DIST(I-l)  =  distance  from  first  sensor  on  ramp  or 
freeway  to  sensor  (1-1) . 

Note  that  the  computation  of  vehicle  velocities  from 
single-loop  sensors  is  done  by  essentially  using  pairs  of 
the  single-loop  sensors  in  a  similar  fashion  to  the  closely 
spaced  sensors  in  the  double-loop  detectors  on  the  freeway. 
Velocity  estimation  using  a  single-loop  sensor  is  possible 
by  assuming  an  average  vehicle  length,  but  substantial  er- 
rors can  be  introduced  into  the  measurement  process  using 
this  approach  [74].   Acceleration  measures  are  also  computed 
for  vehicles  on  the  controlled  section  of  the  ramp,  represent- 
ing sensors  RIO  through  Rl ,  respectively.   This  computation 
is  done  using  the  following  expression: 

ACC(I,J)  =  (V(I,J)  -  PV(I,J))/T3(I,J)  - 
PT(I,J) ) 

Other  processing  is  done  for  loop  detector  actua- 
tions in  the. ramp  area,  including  green  band  tracking,  merg- 
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ing  gap  predictions,  and  ramp  acceleration  noise  computa- 
tions.  These  functions  v/ill  be  discussed  in  the  section 
on  ramp  operations  analysis. 

At  a  TOUT  event,  representing  a  vehicle  departure 
from  the  trailing  edge  of  a  single  loop  sensor,  the  occupan- 
cy time  of  the  sensor  is  updated  using  the  following  expres- 
sion: 

TOCC(I)  =  TOCC(I)  +  (TOUT (I) -TIN (I) ) 

where:   TOCC(I)  =  total  time  loop  sensor  I  has  been 
activated, 

TOUT (I)  =  time  of  last  vehicle  departure  from 
loop  sensor  I, 

and     TIN  (I)   =  time  of  last  vehicle  arrival  at  loop 
sensor  I . 

Much  of  the  vehicle  tracking  logic  used  in  subrou- 
tine TRACK  is  based  on  the  scheme  used  in  the  analysis  soft- 
ware for  the  Woburn  Green  Band  System  developed  by  Raytheon 
[80] ,  but  substantial  modifications  were  necessary  to  im- 
plement the  use  of  the  single  loop  detectors  used  on  the 
Tampa  ramp  for  vehicle  monitoring.   As  subroutine  TRACK  is 
called  more  frequently  than  any  other  routine  in  the  TOGAP 
system,  particular  attention  was  given  to  making  its  opera- 
tion efficient  in  terms  of  the  computer  processing  required 
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to  perform  each  function.   For  example,  all  of  the  computa- 
tional effort  required  at  a  given  sensor  location  to  handle 
special  conditions  such  as  new  vehicle  arrivals  at  F7  or  RIO 
is  concentrated  into  one  section  of  code  which  is  reached 
by  a  single  condition  test,  as  opposed  to  distributing  the 
processing  functions  throughout  the  program,  requiring  ad- 
ditional series  of  tests  to  identify  the  need  for  the  spe- 
cial processing. 

Figure  39  shows  a  representative  output  report  for 
sensor  activity  on  a  data  tape  file  generated  by  the  on-line 
control  system.   The  information  at  the  top  of  the  figure 
represents  freeway  vehicle  activity,  including  counts  at 
each  loop  on  the  freeway,  velocity  means  and  standard  devi- 
ations for  each  double-loop  sensor,  and  percentage  occupancy 
figures  for  the  single-loop  sensors  on  the  freeway.   In  ad- 
dition, the  seven  upstream  stations  are  monitored  for  ve- 
hicle "cut-in"  and  "cut-out"  activities  and  the  total  of 
such  occurrences  for  each  sensor  are  also  printed.   In  this 
figure,  summary  information  is  also  available  on  the  sensors 
throughout  the  ramp  portion  of  the  system  from  R12  through 
Rl ,  and  Ml  through  M8 ,  representing  respectively  the  approach 
to  the  merge  area,  and  the  merge  area  sensors  themselves. 
The  figure  also  displays  count  data  and  occupancy  values  for 
the  three  evaluation  loop  sensors  used  in  the  system,  El,  E2 
and  E3,  respectively,  and  a  count  of  the  number  of  driver  dis- 
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play  events  processed  by  the  program  in  the  previous  run  is 
also  printed.   As  indicated  earlier,  this  driver  display 
information  is  generated  by  the  system  at  a  rate  of  approxi- 
mately four  events  per  second  (actually,  a  new  driver  display 
datum  is  recorded  every  0.256  seconds  to  agree  with  internal 
clock  cycle  detection  logic  operating  at  this  rate) . 

Analysis  of  Freeway  Operations 

The  computations  for  the  individual  freeway  vehicle 
characteristics  upstream  of  the  merge  area  were  reviewed  in 
the  previous  section,  and  were  derived  from  information  re- 
corded by  the  on-line  control  system  from  individual  field 
sensor  actuations.   This  information  obtained  in  the  earlier 
analysis  must  be  considered  from  the  standpoint  of  its  ability 
to  predict  freeway  system  characteristics  upstream  of  the 
merge  area.   One  of  the  more  significant  of  these  measures 
is  the  acceleration  noise  associated  with  upstream  freeway 
vehicles  [38] . 

Acceleration  noise,  defined  as  the  standard  devia- 
tion of  vehicle  acceleration  in  a  system,  is  dependent  on 
three  basic  elements  of  the  traffic  stream  flow:   (1)  the 
driver,  (2)  the  roadway,  and  (3)  existing  traffic  conditions. 
As  discussed  in  Chapter  1,  acceleration  noise  is  a  measure 
of  the  stability  of  flow  in  a  given  traffic  stream,  and 
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high  values  for  acceleration  noise  represent  conditions  of 
turbulent  flow,  while  low  values  represent  correspondingly, 
conditions  of  smooth  flow.   Acceleration  noise  in  the  Tampa 
system  upstream  of  the  merge  area  is  computed  from  the  fol- 
lowing expression: 


7 

Z       (a   .  -  a  )2/6 
i=2    k'!     k 


where  a  =   acceleration  noise  value  for  vehicle  k  (feet/ 

k 

second2 ) , 


a     =  acceleration  for  the  kth  vehicle  between  sensor 
k,i 


stations  (i-1)  and  (i), 


a,    =  average  acceleration  of  vehicle  k  over  its 
k 

trajectory  upstream  of  the  merge  area. 


Note  that  there  are  seven  freeway  sensor  stations.   This 
means  that  six  acceleration  values  can  be  used  for  each 
vehicle. 

Detailed  printout  representing  the  acceleration 
noise  values  computed  for  each  vehicle  as  it  leaves  the  up- 
stream section  is  available  from  TOGAP  if  requested,  but  a 
more  meaningful  use  of  this  information  is  that  shown  in 
Figure  40,  which  represents  a  histogram  of  the  individual 
observed  values  of  acceleration  noise  for  the  vehicles  in 
a  given  time  span.   Absolute  values  of  the  acceleration 
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noise  parameter  have  little  significance,  as  any  roadway 
section  has  associated  with  it  a  natural  acceleration  noise 
due  to  its  construction  features  and  average  traffic  flow 
characteristics.   What  is  important,  however,  is  the  com- 
parison of  acceleration  noise  for  a  given  section  of  road- 
way for  differing  operating  conditions,  such  as  those  that 
will  be  present  in  the  before  and  after  operation  of  the 
Tampa  moving  merge  control  system.   If  the  operation  of  the 
merge  control  system  is  such  that  it  successfully  assists 
the  ramp  merging  operation s  with  the  freeway  traffic,  a  re- 
duction in  the  acceleration  noise  reported  for  freeway  ve- 
hicles should  be  noted.   Correspondingly,  if  the  operation 
of  merge  control  system  introduces  additional  difficulties 
in  the  merging  operation  at  the  freeway  entrance  point,  a 
corresponding  increase  in  the  value  of  measured  acceleration 
noise  would  be  expected.   As  the  geometries  of  the  study 
section  are  fixed,  and  the  characteristics  of  the  driver 
population  using  the  system  will,  on  the  average,  not  change 
during  the  study  period,  it  is  possible  to  assume  that  any 
variations  in  acceleration  noise  will  be  due  to  the  traffic 
interactions  in  the  system,  allowing  a  measurement  of  the 
quantitative  effect  of  the  control  system  on  freeway  flow. 
Other  system  measures  upstream  of  the  freeway  merging  area 
that  will  be  generated  by  the  TOGAP  system  include  observed 
vehicle  velocity  distributions  across  the  various  stations 


179 


(see  Figure  41) ,  observed  headway  values  (vehicle  inter- 
arrival  time  values) ,  and  an  analysis  of  freeway  vehicle 
lane  changing  upstream  of  the  merge  area. 

Analysis  of  Freeway  Vehicle 
Lane  Changing  Upstream  of  the  Merge  Area 

Since  the  green  band  system  uses  measured  informa- 
tion on  freeway  gaps  upstream  of  the  merge  area  to  project 
green  bands  to  assist  the  merging  maneuvers  of  ramp  ve- 
hicles, consideration  must  be  given  to  the  frequency  with 
which  freeway  vehicles  enter  and  leave  the  outside  lane  up- 
stream of  the  ramp.   This  is  directly  related  to  the  stability 
of  green  bands  displayed  to  ramp  drivers.   Although  the  Ray- 
theon analysis  software  had  a  capability  for  analyzing  vehicle 
cut-ins  and  cut-outs  at  upstream  freeway  sensors,  the  in- 
formation was  displayed  in  a  tabular  format  which  was  diffi- 
cult to  analyze  without  extensive  manual  organization  ef- 
forts.  To  alleviate  this  difficulty  in  the  Tampa  analysis 
software,  a  technique  was  developed  to  produce  what  is  called 
a  "vehicle  persistence  table"  for  the  freeway  vehicles  up- 
stream of  the  merge  area,  and  representative  output  from 
this  process  is  shown  in  the  TOGAP  output  in  Figure  42.   The 
headings  at  the  top  of  this  table  represent  the  seven  sensor 
stations  upstream  of  the  ramp  area,  the  numbers  1  through  7 
being  associated  with  freeway  sensor  stations  F7  through  Fl 
respectively,  and  the  numbers  down  the  left-hand  side  of  the 
table  represent  these  same  freeway  stations  where  vehicle  de- 
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partures  from  the  upstream  sensor  stations  were  noted.   Thus, 
deviations  from  the  expected  freeway  vehicle  behavior,  which 
is  to  enter  at  station  1  and  leave  at  station  7,  can  be 
easily  noted  in  the  table.   Note  the  data  presented  indicate 
that  a  majority  of  the  freeway  vehicles  observed  by  the  sys- 
tem for  the  particular  period  in  the  example  did  in  fact 
follow  the  expected  trajectory.   There  are  a  number  of  cut- 
outs, however,  at  the  upstream  stations,  as  represented  by  ve- 
hicle counts  above  the  bottom  row  of  the  table.   A  substantial 
number  of  freeway  vehicles  are  noted  on  the  upper  diagonal 
of  the  table,  which  represents  vehicles  that  were  detected 
at  a  single  sensor  station  only  and  then  not  seen  again  by 
the  analysis  software.   Upstream  cut-ins  and  cut-outs  can  con- 
tribute significantly  to  the  instability  of  the  green  band 
movements  presented  on  the  driver  display,  as  will  be  dis- 
cussed in  Chapter  5,  and  this  table  provides  an  effective 
means  of  assessing  this  category  of  freeway  vehicle  behavior 
for  before  and  after  conditions  relating  to  the  merge  sys- 
tem installation. 

Consideration  of  the  outputs  of  this  program  feature 
for  data  taken  in  the  before  studies  supported  a  decision 
made  earlier  in  the  project  to  implement  freeway  markings 
along  the  inside  of  the  freeway  merging  lane.   This  was  ac- 
complished by  installing  raised  plastic  reflectors  at  inter- 
vals of  50  feet  along  the  lane  boundary,  and  by  painting  a 
solid  white  stripe  on  the  road  surface  in  the  same  location. 
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Analysis  of  data  taken  after  the  markings  were  in  place  in- 
dicates a  reduction  in  the  frequency  of  lane  changing  in  the 
upstream  area,  and  this  was  the  desired  objective. 

Analysis  of  Ramp  Operations 

One  of  the  more  significant  ramp  system  performance 
measures  for  moving  merge  control  systems  is  that  of  the 
ramp  vehicle  travel  time  through  the  ramp  system,  e.g.,  the 
time  it  takes  for  the  ramp  vehicles  to  move  through  the 
section  of  the  ramp  under  control  to  the  merge  area.   Figure 
4  3  shows  outputs  from  the  TOGAP  program  giving  this  informa- 
tion in  the  form  of  a  frequency  histogram  for  the  ramp  ve- 
hicles observed  in  a  representative  study  period.   These  data 
are  derived  by  considering  the  arrival  of  the  first  vehicle 
at  the  initial  ramp  system  sensor,  R1Q,  and  storing  this 
time  of  arrival  in  an  array  of  ramp  vehicle  arrival  times. 
Then,  as  this  first  ramp  vehicle  proceeds  through  the  ramp, 
its  arrival  at  the  last  ramp  sensor  is  noted,  and  the  ar- 
rival time  used  in  conjunction  with  the  previously  stored 
input  time  to  derive  a  "time-on-ramp"  value.   The  anticipated 
effect  of  the  operation  of  the  green  band  control  system 
on  ramp  vehicle  travel  times  will  be  to  shift  the  mean  of 
the  "before"  distribution  of  vehicle  travel  times  on  the 
ramp  to  the  mean  green  band  traverse  time  across  the  ramp 
display.   Thus,  this  phase  of  the  evaluation  will  consist 
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of  comparisons  of  distributions  of  ramp  travel  times  for  the 
case  of  the  control  system  in  operation  and  the  case  of  the 
control  system  not  in  operation  (obtained  from  the  several 
months  of  "before"  data  collection  on  the  ramp) .   Ramp  sys- 
tem performance  evaluations  will  also  include  measures  of 
performance  similar  to  those  used  on  the  freeway,  including 
measurements  of  inter-arrival  time  headways  at  RIO  and  Rl , 
both  for  the  stopped-modes  of  system  operation  and  for  the 
moving  mode,  and  a  distribution  of  ramp  vehicle  velocities 
across  the  various  sensor  locations.   In  addition,  several 
performance  measures  relating  specifically  to  the  operation 
of  the  green  band  control  system  will  be  derived  from  data 
tapes  generated  on-line  from  the  control  system. 

Ramp  vehicle  driver  observance  of  the  green  band 
display  is  monitored  by  subroutine  GRBAND.   Figure  44  shows 
representative  outputs  from  the  green  band  tracking  per- 
formed by  the  TOGAP  system  on  data  tapes.   The  tracking  dis- 
tance of  each  ramp  vehicle  from  the  leading  edge  of  the 
green  band  guiding  the  vehicle  is  computed,  and  the  relative 
velocity  between  each  ramp  vehicle  and  the  green  band  oppo- 
site that  vehicle  is  also  available.   In  addition,  the  green 
band  width  versus  the  sensor  location  on  the  ramp  for  each 
vehicle  is  tabulated  to  give  an  indication  of  green  band 
stability  throughout  the  ramp  display.   Note  that  in  Fig- 
ure 44,  the  tracking  distance  of  vehicles  from  the  leading 
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edge  of  the  green  band  and  the  relative  velocity  of  the  dif- 
ference between  vehicles  in  the  green  band  are  represented 
for  both  modes  of  the  system  operation  which  generate  green 
bands,  e.g.,  for  the  stopped-gap  mode  (SG)  and  the  moving 
mode  (MM) .   A  subroutine  which  did  ramp  vehicle  tracking 
against  green  band  positions  for  the  Woburn  system  was  adapt- 
ed for  use  in  the  TOGAP  software,  but  required  extensive 
modifications  to  account  for  the  use  of  single-loop  presence 
sensors  instead  of  double-loop  sensors  for  data  collection 
on  the  Tampa  ramp,  and  the  use  of  a  variable  green  band 
speed  in  the  Tampa  moving  mode  operations,  which  necessi- 
tated the  use  of  a  table  of  prestored  green  band  speed  values 
versus  ramp  sensor  numbers  to  give  a  true  indication  of  the 
green  band  speed  in  any  point  along  the  display. 

To  give  an  indication  of  the  system  success  rate  for 
controlled  merging  in  the  operations  of  the  Tampa  system, 
coding  was  devised  to  calculate  each  of  the  various  ramp 
sensors.   A  simple  frequency  definition  of  probability  was 
used,  as  represented  in  the  following  expression: 

P (Ramp  vehicle  has  a  green  band  at  ramp  sensor  i)  = 

NGBj 
Ni 

where     NGB •  =  total  number  of  vehicles  at  sensor  i  which 

had  a  valid  green  band  indication, 
and      N.:    =  number  of  ramp  vehicles  crossing  sensor  i. 


This  expression  is  evaluated  for  each  of  the  ramp 
sensors  for  both  the  moving  modes  and  stopped-gap  modes  of 
operation  during  the  course  of  each  study  period.   A  similar 
analysis  is  conducted  for  ramp  activity  at  the  sensor  R3 , 
which  controls  the  YIELD  sign.   Here,  the  total  count  of 
vehicles  crossing  sensor  R3  is  maintained  for  the  stopped- 
gap  and  moving  modes  of  operation,  and  the  count  of  YIELD 
sign  activations  for  each  case  is  maintained.   Recall  that 
the  Tampa  Green  Band  System  has  a  mode  of  operation  in  which 
the  bands  displayed  to  the  ramp  are  masked  in  response  to 
merge  area  congestion,  and  under  these  conditions  the  yield 
sign  is  automatically  turned  on,  requiring  that  separate 
counts  be  maintained  of  yield  sign  activations  during  the 
periods  of  system  masking  and  the  periods  of  normal  system 
operation. 

To  provide  some  indication  of  the  potential  acci- 
dent conflicts  on  the  ramp  associated  with  operation  of 
moving  merge  control  system,  several  techniques  to  predict 
these  situations  from  observed  sensor  data  were  developed. 
To  monitor  driver  observance  of  the  traffic  signal  indica- 
tion in  the  stopped-gap  and  stopped-metering  modes  of  opera- 
tion, logic  was  added  to  the  ramp  vehicle  tracking  section 
of  subroutine  TRACK  which  checks  the  condition  of  the  ramp 
traffic  light  for  each  vehicle  which  is  crossing  the  sensor 
immediately  past  the  light;  then,  if  the  ramp  traffic  light 
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is  displaying  a  red  indication  and  a  sensor  actuation  is  re- 
corded for  the  check-out  detector  associated  with  light,  a 
counter  is  incremented  which  gives  the  total  number  of  stop 
light  violations,   In  addition,  ramp  vehicle  accelerations 
computed  at  each  ramp  sensor  are  checked  to  see  if  they  ex- 
ceed a  deceleration  rate  of  8  feet/second2,  which  is  assumed 
to  be  representative  of  a  vehicle  maneuver  having  the  po- 
tential of  causing  an  accident  involving  the  vehicle  behind 
it  on  the  ramp.   A  table  of  these  deceleration  conflicts  at 
each  ramp  sensor  is  printed  as  a  standard  output  in  both  be- 
fore and  after  studies  involving  ramp  operations.   The  ex- 
pected result  of  the  operation  of  the  control  system  will  be 
to  reduce  the  number  of  these  accident  conflict  situations 
observed  on  the  ramp  section  under  the  control  of  the  green 
band  system. 

Graphical  Output 
of  Ramp  Vehicle  and  Green  Band  Interactions 

Since  one  of  the  more  important  questions  to  be 
answered  in  the  evaluation  of  moving  merge  control  systems 
is  the  question  of  driver  compliance  with  the  various  field 
displays,  a  method  for  depicting  this  interaction  was  coded 
in  the  TOGAP  software.   Representative  output  from  this  sec- 
tion of  the  program  appears  in  Figure  45,   Data  presented  in 
each  line  of  this  output  are  in  order,  the  time  at  which  the 
current  green  band  display  information  was  recorded,  the 


190 


:  i'  x  s  x  x  x  x  x  x  x  i 


;  X  X    X  O  X    0  X'  .j   0  £t  X  X X  X  X  4:  X  X  X  X  X  X  X  X  X  X    X  X  X  X  X  X 


******* 
t/>  1/1 1/>  in  in  m  i/> 
<<<<<<< 
zzzzzzz 


OOOO 

o  000 

O  IMO 

OOOO 
o  DUO 

0000 

0000 
OOOO 

O  13 
15  U 
13 '3 

O  o 

*  13       » 

Ol3 

DO 

OS 

OO 

OO 


1300 
OOO 

1313 
OO 


OO 

OO 
OO 

ou 

OO 


O  O 
OO 
13  13 
13O 
13*3 

O  O 

OO 

OOO 

OOO 

OOO 

000 
000 

OOO 

OOO 

OOO 

0000 

0000 

OOO  o 

oo#  o 
0000 
0000 
0000 
0000 
0000 
o«o 

OOO 
OOO 
OOO 

o» 


OO  OO 
OO  OO 
OO  OO 

00  00 

OOO  OO 
OOO  O  J 
00000 

00 o o  00 
0O00  00 

OO O  O  OO 
OOOOOOOO 

000000 OO 
00000000 

OOOOOO OO 

000O0000 

OOOOOOO 

00000 « o 

000000000 

000000000 

OOOOOO 

0000000 

0000*00 

0000000 

OOoOOOO 
OOOoOOOO 
OOOOOO *  o 
OOOOOOOO 
OOOOOOOO 
OOOOOOO 
OOOOOOO 
OOOOOOO 
OOOOOO 
OOOOOO 
OOOOOO 

ooo»  o        • 
00000 


o»  OO 
0000 

OO  OO 

0000 
0000 
0000 
0000 
0000 
OO 


OOOOOO 
OOOOOO 
OOOOOO 
(OOOOOO 
jOOOOO 
(OOOOO 
O  JOO» 


0000 
o  o 

OO 
OO 


OO 
OO 


gss; 


00 

OOO 

000 

OO      o 
OO  o 


OOO  OO 

OOOOOO 

OOOO • O 

OOOOOOO 


OOOOOOOO 


OO 

•  oo»  • 
0000 
0000 
0000 
OO  OO 
0000 
0000 
0000 
0000 
#  oo»  o  o 

KSOOOO 

00000 
0000  o 

OOOOOOO 
OOOOOOO 
OO JOOO  o 
OOOOOOO 
OOOOOOO 
00*0000 
JO  OOOO  OO 

>o 00 00  ^  o 

iOOO  OO  00 
lOOOOOo 


OOO 
I  »  OO 
OOO 
OO  J 
OO 

o  o 
00 

OO 
OO 
OO 
OO 
OO 


o 
00 
00 

OO 

oo» 

OO 
OO 

OOO 
OOO 
OOO 
OOO 
OOO 
OOO 
OO* 
OoO 
OOO 
OOO 


•    0 

OO*              0 

0 

0  0 

0 

0 

OO 

0 

0 

OO 

0 

0 

i  . 

0 

OO 

0 

OO 

OO 

0 

OO 

OO 

0 

OO 

OO 

OO 

0 

OO 

0 

0 

OO 

OO 

0 

OO 

0 

0 

OO 

0 

0 

OO 

0 

0 

OOO 

0 

0 

OOO 

0 

0 

00a 

a 

0 

OOO 

0 

0 

OOO 

• 

0 

OOO 

VI 

0 

OOO 

8 

OOO 

0000 

OO 

OOOO 

OO 

3SS3 

OO 
OO 

OOOO 

OO 

0000 

00 

OOOO  * 

0 

OOOO 

0 

OOOO 

0 

00000 

0 

00000 

0 

00000 

0 

u 

•H 

x: 

> 

CL, 

e 

C 

to 
a) 

<D 

o 

<< 
o 

4-1 

o 
>. 

<TS 
<-i 

•H 

a 


iDN^tt)<>-«  w^fn^*Niflwi*io<fn^i-u^cot/)N£^r^>o*h«LnN©<3v>Kfflcc(>^^N 
njfyryftjW(Viojnjojt>j(\jrufycvj(>jfyt\jryWt\j(MOj(\jnjCNirvjryryrjajrowNrjryryfti 


•H 

fa 


191 


vehicle  sensor  number  representing  the  current  vehicle  posi- 
tion on  the  ramp,  the  time  at  which  the  ramp  vehicle  was  at 
the  sensor,  a  series  of  "G"  characters  representing  lighted 
eight-foot  sections  of  the  green  band  display,  and  a  "*"  char- 
acter representing  the  position  of  the  ramp  vehicle  with 
respect  to  the  current  position  of  the  green  band  being  cur- 
rently displayed.   Other  data  on  each  line  represent   the 
mode  of  the  system  (SG  or  MM,  as  discussed  earlier) ,  infor- 
mation on  whether  or  not  the  green  band  system  is  currently 
masked,  an  indication  of  the  yield  sign  activity,  the  cur- 
rent traffic  signal  indication,  and  numerical  values  for  the 
current  green  band  terminal  speed,  VMRG,  three-minute  freeway 
velocity  average  upstream  from  the  entrance  ramp,  VBAR,  and 
three-minute  volume  count  downstream  of  the  ramp  merge  area, 
Q.   The  sequence  of  green  band  versus  vehicle  outputs  may  be 
used  to  assess  the  degree  of  ramp  vehicle  driver  compliance 
with  the  presented  green  bands.   It  should  be  noted  that  the 
output  displayed  in  Figure  4  5  was  obtained  from  a  system 
data  tape  which  was  generated  before  the  control  program  was 
given  the  capability  of  recording  green  band  masking  condi- 
tions, and  thus  the  masking  condition  indicated  in  each  line 
of  the  output  is  not  representative  of  the  actual  system  con- 
ditions (e.g.,  if  the  system  is  masked,  no  green  bands  are 
displayed  to  the  field,  and  no  strings  of  characters  repre- 
senting bands  would  be  displayed  during  these  period). 
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Use  of  Sonic  Detectors 
for  Lateral  Vehicle  Displacement  Analysis 

Modified  sonic  vehicle  presence  detectors  were 
used  to  measure  merge  area  vehicle  displacements  from  the 
acceleration  lane  guard  rail,  allowing  a  capability  for  the 
prediction  of  the  merge  point  location  in  actual  system 
operation.   Figure  46  shows  data  used  for  the  calibration 
of  the  sonic  detectors  in  the  Tampa  Green  Band  System.   These 
data  were  obtained  by  manual  observation  of  vehicle  positions 
in  the  merging  area  in  front  of  these  detectors  and  cor- 
related with  observed  sonic  sensor  pulse  widths  reported  by 
the  off-line  analysis  software.   A  regression  model  was 
fitted  to  the  data,  resulting  in  the  following  expression: 

D  =  39.931  -  (521.55)  x  DT, 

where   D  =  the  displacement  of  the  right  hand  side  of  the 
merging  ramp  vehicle  from  the  sonic  detector 
head  (feet) , 

and    DT  =  reported  pulse  width  from  the  sonic  sensor  head 
for  the  vehicle  in  question  (seconds) . 

As  the  width  of  the  acceleration  lane  varied  as  a 
function  of  its  length  downstream  along  the  freeway,  some 
means  of  providing  a  common  basis  of  comparison  for  ramp 
vehicle  displacements  was  required.   The  technique  was  adopt- 
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ed  of  tabulating  the  separation  of  the  left  side  of  ramp 
vehicles  from  the  left  side  of  the  freeway  shoulder  lane, 
as  given  by  the  following  expression: 

SEP.  =  OFFSET,  -  D  -  WIDTH  +  LANE 
1  k 

where  SEP.  =  distance  from  the  left  side  of  ramp  vehicle  i 
to  the  left  side  of  the  freeway  shoulder 
lane  (feet) , 

D  =  sensor  to  vehicle  distance,  as  above  (feet), 

OFFSET,  =  distance  from  sonic  sensor  k  to  outside  free- 
k 

way  lane  (feet) , 

WIDTH  =  assumed  ramp  vehicle  width  (6  feet) , 

LANE  =  width  of  outside  freeway  lane  (feet) , 

This  derived  distance  measurement  could  then  be  used  direct- 
ly to  determine  when  a  ramp  vehicle  merge  had  occurred,  as 
the  distance  from  the  center  line  to  the  outside  freeway 
lane  line  was  12  feet,  and  any  time  a  ramp  vehicle  displace- 
ment of  less  than  12  feet  was  recorded,  it  could  be  assumed 
that  the  vehicle  had  entered  the  freeway  outside  lane,  and 
had  been  committed  to  a  merging  maneuver. 

Figure  47  shows  representative  output  from  sonic 
detector  activity  analysis  generated  by  the  TOGAP  software. 
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The  distribution  of  vehicle  distances  from  the 
freeway  reference  line  is  printed,  as  well  as  the  mean  re- 
ported vehicle  distance  and  standard  deviation  for  each  of 
the  eleven  sonic  detector  stations.   This  information  can 
then  be  used  to  estimate  the  actual  system  merge  point  as- 
sociated with  ramp  vehicle  behavior  under  green  band  system 
control,  as  was  done  manually  in  the  analyses  discussed  at 
the  end  of  Chapter  3. 

Problems  have  been  experienced  with  the  sonic  de- 
tectors in  the  Tampa  system  relating  to  the  need  for  using 
long  cables  between  the  transducer  heads  mounted  on  the  ac- 
celeration lane  guard  rail  and  the  associated  detector  elec- 
tronics located  in  equipment  cabinets  under  the  elevated 
freeway  and  ramp  structures.   For  example,  the  pulse  count 
for  sonic  detector  actuations  at  location  S5  (see  Figure  47) 
is  consistently  higher  than  that  reported  at  any  of  the 
other  sonic  stations,  and  this  location  has  the  longest 
cable  run  of  any  of  the  sonic  units.   Swapping  of  detector 
electronics  and  transducer  heads  among  the  stations  does  not 
change  this  condition,  and  no  satisfactory  method  of  tuning 
the  circuitry  to  correct  this  problem  has  been  found. 

Analysis  of  Control  System  Behavior 

Recall  that  the  green  band  system  as  implemented  in 
Tampa  has  four  modes  of  operation,  which  are  an  initializa- 
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tion  mode,  stopped-metering,  stopped-gap  acceptance,  and 
moving  mode  operation,   To  evaluate  the  changes  between  the 
various  operating  modes  and  the  distribution  of  times  spent 
in  these  modes,  subroutine  MODEXX  is  used  in  the  TOGAP  sys- 
tem to  monitor  mode  change  activity.   Substantive  changes 
were  made  in  the  routine  in  the  Woburn  Green  Band  analysis 
software  which  performed  this  function,  and  the  entire  MODEXX 
routine  is  flow-charted  in  .Figure  48  to  illustrate  the  de- 
cision logic  required  to  follow  mode  state  changes  in  the 
presence  of  the  potential  masking  conditions  associated  with 
the  Tampa  system  operation.   A  typical  output  from  the  MODEXX 
routine  is  shown  in  Figure  49  which  gives  the  distribution  of 
times  spent  in  each  mode  of  operation,  the  total  time  spent 
in  each  mode,  the  average  time  and  standard  deviation  of  the 
time  spent  in  each  mode,  and  the  number  of  changes  to  each 
mode.   Information  on  the  total  time  the  system  was  masked 
in  the  stopped-gap  acceptance  modes  and  the  moving  modes  of 
operation  is  also  provided  to  indicate  the  relative  degree 
of  ramp  congestion  present  during  these  periods.   As  with  the 
green  band/ramp  vehicle  interaction  outputs,  Figure  49  repre- 
sents an  application  of  the  TOGAP  program  to  a  data  tape 
which  did  not  contain  system  masking  information;  thus  the 
values  shown  for  the  percentage  of  time  masked  in  both  the 
stopped-gap  and  moving  modes  of  operation  represent  incorrect 
values  and  should  be  considered  as  the  total  time  spent  in 
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CLEAR  MASKING  STATUS  FLAGS 
AND  TIMERS  (SG  AND  MM  ONLY): 

SGMLOG  =  .FALSE. 
TOTSGM  =  0 
MMMLOG  =  .FALSE. 
TOTMMM  =  0 


INITIALIZE  MODE  STATUS  FLAGS 

INLOG  =  .FALSE. 

SMLOG  =  .FALSE. 

SGLOG  =  .FALSE. 

MMLOG  =  .FALSE. 


Figure  48.   Flow  Chart  of  Routine  MODEXX 
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each  of  these  modes.   The  on-line  data  logging  programs  were 
modified  to  record  system  masking  information  on  tape  in 
late  September  of  1974,  and  runs  made  after  this  date  have 
this  information  represented  correctly. 

Information  on  the  reliability  of  sensors  used  for 
the  control  system  is  available  to  a  limited  extent  from  an 
examination  of  vehicle  counts  reported  for  each  of  the  sen- 
sors in  the  freeway  and  ramp  sequences.   For  example,  if  a 
given  sensor  is  reporting  a  value  noticeabley  lower  than 
that  of  the  sensors  on  either  side  of  it,  it  may  be  assumed 
that  the  sensor  was  out  of  adjustment  during  that  particular 
study  run,  allowing  the  data  collected  for  that  period  to  be 
ignored,  avoiding  the  possible  production  of  invalid  per- 
formance results. 

As  indicated  earlier  in  the  overall  discussion  of 
the  TOGAP  system  operation,  provisions  are  included  for 
punching  data  on  merge  vehicle  arrival  times  at  sensor  lo- 
cations in  the  merge  area,  as  well  as  for  punching  informa- 
tion on  freeway  vehicle  estimated  times  of  arrival  at  the 
merge  point.   Routines  TRACK  and  FMDSAV,  respectively,  per- 
form these  functions.   This  approach  of  punching  data  on 
cards  for  subsequent  analysis  by  other  programs  was  adopted 
to  facilitate  the  attempt  described  earlier  to  reduce  the 
running  times  associated  with  the  programs  in  the  TOGAP 
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series.   An  additional  benefit  of  having  the  merging  opera- 
tions data  base  available  on  punch  cards  was  that  special 
purpose  analysis  programs  developed  for  this  activity  could 
be  used  repeatedly  on  a  given  study  period's  data  without 
the  expense  and  computer  time  associated  with  re-reading 
the  system  data  for  the  period. 

Figure  50  shows  representative  vehicle  trajectories 
generated  by  the  TOGAP  plotting  software  using  punched  ve- 
hicle data  from  routines  TRACK  and  FMDSAV.   This  output  was 
produced  on  a  Gould  Model  5100  Electrostatic  printer/plotter, 
Freeway  vehicles  are  projected  from  Fl  downstream,  and  ap- 
pear on  the  graph  as  straight  line  segments.   Ramp  vehicle 
arrival  times  at  the  merge  area  sensors  Ml  through  M8  are 
plotted  as  discrete  points,  denoted  on  the  graph  by  small 
boxes.   This  output  format  allows  a  determination  of  gap 
acceptance  and  rejection  behavior  for  ramp  vehicle  drivers 
to  be  made  for  each  sampling  period.   Some  manual  filtering 
of  the  derived  data  is  necessary  in  this  process   for  two 
basic  reasons: 

1.   The  freeway  vehicle  velocity  data  obtained 
at  Fl  are  used  to  project  each  freeway  ve- 
hicle downstream  through  the  merge  point. 
As  this  represents  a  distance  of  384  feet, 
some  variation  in  freeway  vehicle  velocity 
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Figure  50.   Computer-Generated  Plot  of  Ramp  and  Freeway  Ve- 
hicle Trajectories  Produced  by  TOGAP  Software 
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in  the  actual  system  is  highly  probable 
over  this  distance,  and  the  use  of  simple 
linear  projection  from  Fl  can  occasionally 
result  in  the  display  of  two  freeway  tra- 
jectories which  cross  at  some  point  in 
time.   This  would  represent  a  rear-end 
collision  on  the  freeway,  and  as  these  are 
extremely  rare,  the  plotted  data  must  be 
considered  in  this  case  to  be  representative 
of  freeway  drivers  who  have  adjusted  their 
respective  vehicle  speeds  to  avoid  this 
situation. 

2.   The  merge  area  presence  sensors  are  25  feet 
in  length,  and  under  conditions  of  slow 
moving  ramp  traffic,  two  vehicles  may  be  in 
a  single  sensor  at  the  same  time,  causing 
a  loss  of  a  data  point  for  the  trailing  ramp 
vehicle. 

In  either  of  the  above  cases,  manual  judgment  based 
on  consideration  of  trajectory  conditions  observed  over  a 
time  span  in  front  and  back  of  the  area  in  question  can  be 
applied  to  attempt  to  resolve  the  ambiguity,  or  to  make  the 
decision  to  disregard  these  data  in  the  current  analysis. 
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A  new  technique  for  assessing  the  traffic  opera- 
tional benefits  of  moving  merge  control  system  was  coded 
in  the  TOGAP  software.   To  implement  this  technique,  sub- 
routine FGPMR1  is  called  from  subroutine  TRACK  each  time  a 
ramp  vehicle  enters  Rl,  which  is  the  last  ramp  sensor  up- 
stream of  the  merge  area.   The  freeway  vehicle  merge  ETA 
table  generated  by  the  FMDSAV  routine  is  searched  to  find 
a  freeway  gap  corresponding  to  the  expected  time  of  arrival 
of  the  ramp  vehicle  at  the  merge  point.   Statistics  for  this 
projected  gap  are  accumulated.   If  the  system  is  operating 
as  designed,  and  the  ramp  vehicle  drivers  are  following  the 
green  bands  on  the  field  display,  the  distribution  of  "gaps 
matched"  by  the  system  will  in  theory  evolve  from  a  random 
or  uniform  distribution  to  a  distribution  which  is  clustered 
about  the  average  gap  size  being  used  by  the  green  band  con- 
trol program  to  generate  green  bands.   Figure  51  shows  repre- 
sentative output  from  TOGAP  for  this  type  of  analysis. 


Operational  Characteristics 
of  the  TOGAP  Software 


The  programs  comprising  the  TOGAP  system  require 
approximately  246,000  bytes  of  core  storage  for  execution 
on  the  IBM  370/165  computer.   While  exact  rates  will  vary 
with  the  levels  of  freeway  and  ramp  vehicle  demand  in  a 
given  study  period,  one  hour  of  operational  system  data  can 
be  analyzed  in  approximately  four  minutes  of  computer  time, 
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which  compares  favorably  with  the  estimate  of  four  minutes 
of  CPU  time  required  to  process  one-half  hour  of  operational 
data  reported  by  Raytheon  for  the  Woburn  Merge  Control  Sys- 
tem analysis  software  [80,  p.  B-l]. 


CHAPTER  5 

DESIGN  CONSIDERATIONS 

FOR  FUTURE  MERGE  CONTROL  SYSTEMS 


Introduction 

Design  considerations  for  future  merge  control 
systems  will  be  reviewed  in  this  chapter  with  respect  to 
problems  observed  to  date  in  the  public  operation  of  the 
Tampa  Green  Band  System.   Theoretical  improvements  to  al- 
leviate some  of  these  problems  will  be  presented,  and  the 
development  and  use  of  a  simulation  model  of  the  on-line  con- 
trol program  to  provide  a  research  tool  for  the  analysis  of 
moving-mode  system  operation  will  be  discussed.   A  review 
of  essential  system  functions  in  future  moving  merge 
control  systems  of  the  green  band  type  will  be  used  to  es- 
tablish a  preliminary  hardware  design  concept  for  a  single- 
package  controller  for  such  systems. 

Several  areas  of  observed  system  performance  in 
the  current  Tampa  Green  Band  System  have  been  identified 
as  representing  potentially  undesirable  factors  in  the  safe 
and  efficient  operation  of  the  moving  merge  control  strategy 
for  freeway  entrance  ramps.   These  problem  areas  fall  into 
two  basic  categories,  the  first  relating  to  band  generation 
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and  stability  on  the  ramp  display,  and  the  second  relating 
to  the  open-loop  control  philosphy  used  in  the  green  band 
system  design  concept. 

As  reviewed  in  Chapter  2,  for  the  Woburn  system, 
and  Chapter  3,  for  the  Tampa  system,  the  generation  of  green 
bands  for  display  alongside  the  entrance  ramp  is  done  by 
monitoring  detected  gaps  in  the  freeway  traffic  upstream 
of  the  ramp,  classifying  these  gaps  into  acceptable  and  non- 
acceptable  categories  for  use  by  merging  vehicles,  and  then 
controlling  band  size  and  movements  on  the  ramp  display 
using  expected  travel  times  to  the  merge  point  and  safety 
margin  allowances  to  account  for  unexpected  vehicle  behavior. 
One  shortcoming  of  the  current  Tampa  system  that  has  been 
noted  by  a  number  of  observers  who  have  watched  the  system 
over  extended  periods  of  time  during  public  operation  is 
that  the  system  appears  to  be  too  conservative  in  its  band 
launching  decision  logic  in  the  moving  mode  of  operation, 
e.g.,  bands  are  frequently  not  displayed  for  freeway  gaps 
which  appear  to  be  of  adequate  size  for  safe  merging  opera- 
tions to  be  accomodated  using  these  gaps.   While  this  con- 
dition is  certainly  to  be  preferred  over  that  of  a  situation 
involving  the  selection  of  gaps  which  are  too  small  for  use 
in  band  control,  it  can  contribute  to  a  reduction  in  the 
controlled  merging  capacity  achievable  by  the  green  band 
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system.  An  analysis  of  the  on-line  control  program  gap 
evaluation  logic  was  conducted,  and  the  results  of  this 
study  are  discussed  in  the  next  section. 


Errors  in  the  Computation  of  the  Required 
Freeway  Gap  Size  in  the  On-line  Control  Program 


The  on-line  control  computer  for  the  Woburn  Green 
Band  System  is  a  fixed  point,  16-bit  binary  machine  without 
hardware  multiply/divide  capabilities  in  the  basic  configura- 
tion [90,  91].   This  fact  apparently  necessitated  Raytheon's 
use  of  numerical  approximation  techniques  to  allow  the  re- 
quired gap  computations  outlined  in  Chapter  2  to  be  carried 
out  while  the  on-line  system  was  operating  without  substan- 
tially increasing  the  running  time  cycle  of  the  program.   For 
example,  the  equation  representing  the  time  (in  seconds)  re- 
quired for  a  vehicle  to  accelerate  from  V\  to  V2  at  some  as- 
sumed acceleration  rate  whose  (acceleration,  velocity)  inter- 
cepts are  (0,  VQ)  and  (a,  0)  is 


(V1#  V2)  =  (V0/aV2) [V2  -  V1  +  (V0  -  V2) 


LOG 


(<v0  -  v2)/(v0  -  v±))] 


Values  for  V   and  a  were  taken  to  be  146.7  feet/sec- 
0 

ond  and  5  feet/second2,  respectively,  and  the  equation  was 
approximated  by 
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FCV^  V2) 


0.057 (V2  -  Vx),  (V2  -  V1)  <  17.5  ft/sec 

0.11  (V2  -  Vx)  -  0.925,  17.5  ft/sec  <  (V2  -  V1)  <  41  ft/sec 

0.16 (V  -  V  )  -  2.85,  41  ft/sec  <  (V  -  V  )  <  128  ft/sec 


To  test  the  accuracy  of  this  approximation,  and  to 
identify  its  possible  effects  on  the  operation  of  the  green 
band  system,  a  computer  model  of  the  actual  equation  for 
F2 (V  ,  V  )  and  of  the  approximating  equations  was  developed. 
The  program  computes  F2  values  for  a  range  of  given  V,  and 
V   conditions  using  both  the  actual  formula  and  the  approxi- 
mation scheme,  and  prints  actual  times  and  estimated  times 
and  the  corresponding  estimation  error  (in  seconds) . 

The  results  of  this  experimentation  revealed  a 
bias  towards  the  conservative  side  (e.g.,  longer  computed 
times  to  complete  the  acceleration  maneuver)  for  every  con- 
dition tested,  as  shown  in  Table  6,  which  is  based  on  the 
use  of  a  VI  value  of  45  miles/hour,  representing  the  maxi- 
mum propagation  speed  of  the  green  band.   As  the  terminal 
green  band  speed  in  the  moving  mode  in  the  Tampa  system  is 
usually  at  its  maximum  value  of  45  miles/hour,  since  freeway 
vehicle  speeds  have  been  averaging  at  55  miles/hour  (the 
posted  limit  on  the  freeway) ,  the  approximations  for  the  F2 
calculations  have  the  net  operating  effect  of  biasing  the 
size  of  the  required  gap  on  the  freeway  for  green  band  gener- 
ation to  a  value  some  0,317  seconds  higher  than  it  should 
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Table  6 

Illustration  of  the  Numerical  Errors  in  the 

Equations  Used  in  the  Woburn  and  Tampa  Green  Band 

Systems  for  a  Term  in  the  Required  Freeway  Gap  Size  Computations 


VI 
(MILES/HOUR) 

V2 
(MILES/ HOUR) 

F2TRUE 

(SECONDS) 

EST 

(SECONDS) 

ERROR 
(SECONDS) 

45 

46 

,00586 

.08379 

.07793 

47 

.02309 

.16758 

.14449 

48 

.05120 

.25137 

.20017 

49 

.08973 

.33516 

.24543 

50 

.13829 

.41895 

.28066 

51 

.19652 

.50274 

.30622 

52 

.26409 

.58653 

.32244 

53 

.34071 

.67032 

.32961 

54 

.42612 

.75411 

.32799 

55 

.52009 

,83790 

.31781 
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be.   This  is  a  conservative  error,  as  it  does  provide  an 
additional  safety  margin  in  the  merging  process,  but  does 
have  the  effect  of  reducing  the  number  of  green  bands  gener- 
ated over  a  period  of  time,  thereby  reducing  the  maximum 
theoretical  merging  capacity  achievable  by  the  system  if 
every  ramp  vehicle  were  to  wait  for  a  green  band. 

There  are  several  possible  remedies  to  these  com- 
putational error  discrepancies.   The  first  would  be  to  call 
for  a  full-scale  evaluation  of  the  original  formula  when  a 
value  is  needed  through  the  use  of  a  new  subprogram  for  F2 
which  performs  all  the  required  computations.   Given  that 
processing  time  was  in  fact  a  constraint,  however,  an  alter- 
native approach  would  be  to  code  a  table  of  pre-stored  values 
which  could  be  entered  to  supply  the  acceleration  time  in- 
formation for  various  sets  of  VI  and  V2  values.   This  method 
would  trade-off  a  greatly  reduced  computational  effort  for 
the  accuracy  required  against  a  need  for  extra  core  storage 
space  in  the  control  program. 

As  the  Tampa  Green  Band  System  represents  a  research- 
oriented  installation,  the  extra  safety  margin  in  the  merging 
operations  provided  by  the  errors  outlined  above  was  not 
changed.   Future  merge  control  projects  at  ramps  where  it 
is  deemed  necessary  to  obtain  the  maximum  achievable  merging 
capacity  may  need  to  implement  tighter  acceptable  gap  con- 


216 


straints  to  achieve  this  goal,  and  a  careful  analysis  of  all 
elements  in  the  gap  evaluation  process  would  be  appropriate 
in  such  cases.   If  one  was  interested  in  minimizing  both 
computer  processing  requirements  and  core  memory  size  in  the 
on-line  control  program,  the  required  gap  logic  could  be  re- 
placed with  a  simple  table  of  values  representing  the  mini- 
mum acceptable  gap  as  a  function  of  the  average  freeway  speed 
only.   The  table  look-up  process  in  this  case  would  need  to 
be  used  only  when  the  freeway  velocity  average  had  changed 
by  more  than  some  established  tolerance. 

Another  potential  problem  area  with  the  Tampa  system 
operation  (and  with  that  of  its  Woburn  predecessor,  as  will 
be  discussed  later)  is  the  frequent  appearance  of  sudden 
length  or  position  jumps  in  the  bands  on  the  driver  display. 
This  question  of  band  stability,  or  lack  thereof,  does  not 
appear  to  be  particularly  troublesome  to  ramp  drivers  who 
have  responded  to  the  public  opinion  survey  to  date,  as  evi- 
denced by  a  lack  of  mention  of  this  situation  in  the  comments 
section  of  the  questionnaires.   To  provide  an  understanding 
of  the  band  stability  problem  for  possible  correction  in 
future  systems,  however,  several  studies  of  system  areas 
concerned  with  band  propagation  on  the  field  display  were 
made;  these  are  discussed  in  the  next  three  sections. 
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Need  for  Sensor  Calibration  in  the 
Determination  of  Freeway  Vehicle  Lengths 

Accurate  real-time  information  on  freeway  vehicle 
length  characteristics  is  needed  in  a  moving  merge  control 
system  of  the  green  band  type  for  two  basic  reasons: 

1.  Freeway  vehicle  length  data  are  used  in  the 
computation  of  measured  gaps  in  the  freeway 
traffic  stream  to  establish  those  gaps 
which  will  be  used  for  the  creation  of  green 
bands  to  guide  ramp  vehicles. 

2.  Given  that  an  acceptable  gap  has  been  identi- 
fied, freeway  vehicle  length  data  are  used  in 
the  computations  of  the  band  placement  on  the 
display  element  to  insure  adequate  safety 
margins  around  the  programmed  freeway  gap. 

The  two  considerations  above  suggest  potential  dif- 
ficulties with  any  observed  length  data  which  differ   from 
nominal  values  on  either  end  of  the  measurement  error  spec- 
trum.  For  example,  length  data  which  are  biased  towards  high 
vehicle  lengths  reduce   the  number  of  freeway  gaps  which 
will  be  classified  as  acceptable  for  the  merging  traffic  at 
a  ramp,  thereby  reducing  the  service  capacity  of  the  merging 
control  system.   Conversely,  length  measurements  which  are 
biased  towards  small  length  measurements  can  result  in  the 
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use  of  freeway  gaps  which  are  too  small  for  adequate  vehicle 
spacings  in  the  merging  process,  although  the  supplied  head- 
way allowances  for  band  placements  on  the  driver  display  will 
reduce  the  safety  hazards  associated  with  this  problem. 

This  question  of  vehicle  length  measurement  accur- 
acy can  be  related  to  the  statistical  properties  associated 
with  the  average  value,  or  mean,  of  the  observed  measurement 
data  at  a  given  sensor  location.   Another  area  of  concern 
is  related  to  the  stability  of  the  length  measurements  re- 
ported as  freeway  vehicles  travel  through  the  sensor  stations 
along  the  freeway  lane  upstream  of  the  merge  area.   In  a 
dynamic  merge  control  system  such  as  the  green  band  concept, 
the  length  variations  associated  with  a  single  vehicle  as 
it  travels  through  the  system  can  cause  band  jumps  back  and 
forth  on  the  display,  as  well  as  the  more  serious  problem 
of  entire  bands  suddenly  appearing  and  disappearing  on  the 
display  if  the  measured  freeway  gap  associated  with  these 
bands  oscillates  around  the  value  of  the  required  gap  control 
parameter  for  the  vehicles  defining  the  gap. 

Analysis  of  data  produced  by  the  TOGAP  data  reduc- 
tion programs  revealed  some  interesting  results  on  average 
freeway  vehicle  lengths  as  reported  at  the  seven  sensor  sta- 
tions located  upstream  of  the  Ashley  Street  ramp  in  Tampa. 
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Table  7  summarizes  this  freeway  vehicle  length  data,  which 
were  taken  in  two  successive  15-minute  periods  while  the 
green  band  system  was  in  public  operation  on  August  9,  1974. 

The  discrepancy  in  vehicle  counts  across  the  various 
stations  is  caused  by  freeway  vehicles  moving  in  and  out  of 
the  outside  lane  as  they  "jockey  for  position"  in  the  free- 
way traffic  flow.   Note  the  variation  in  observed  mean 
length  values  across  the  sensors  in  both  15-minute  sampling 
periods.   In  the  Tampa  on-line  green  band  system,  measurement 
differences  of  this  magnitude  can  cause  difficulties  with 
band  positioning  as  discussed  above.   For  example,  assuming 
an  average  freeway  vehicle  speed  of  50  miles/hour  (73.5  feet/ 
second) ,  the  measured  time  length  of  an  average  vehicle  pass- 
ing from  sensor  F4  to  sensor  F3  in  the  first  data  set  would 
change  from: 

VEHICLE  TIME  LENGTH  at  F4  =  LEN^TH  -  1^;9'?4  = 

VEL       / 3 . b 

0,231  seconds 

TFMPTH      23   649 

to  VEHICLE  TIME  LENGTH  at  F3  =         =  : = 

VEL       7  3.5 

0 . 322  seconds , 

a  difference  of  0.091  seconds.   If  the  current  green  band 
speed  were  45  miles/hour  (66  feet/second) ,  the  band  defining 
the  gap  would  "shrink"  in  size  by  the  product  of  the  band 
speed  by  the  length  discrepancy,  or  (66)  (0.091)  =  6.006  feet, 
assuming  the.  other  system  parameters  were  held  constant. 
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Since  the  green  band  display  element  is  constructed 
of  discrete  four-foot  lengths  of  fluorescent  bulbs,  a  change 
of  6.006  feet  would  be  observable  in  a  displayed  band  edge, 
and  a  perceptive  ramp  driver  following  the  band  would  be  led 
to  the  possibly  incorrect  conclusion  that  the  freeway  gap  he 
is  being  directed  to  has  changed,  causing  him  to  slow  down 
to  wait  for  the  band,  and  thus  introducing  an  unnecessary 
accident  conflict. 

The  application  of  a  similar  analysis  on  the  F5  to 
F4  sensor  transition  predicts  a  positive  band  "jump"  along 
the  display  for  this  situation  of  +1.188  feet,  which  is  too 
small  by  itself  to  be  observed.   However,  if  a  leading  band 
edge  is  on  the  threshold  of  requiring  another  display  element 
to  represent  it  at  a  point  in  time,  say  at  203.9  feet,  the 
incremental  band  size  associated  with  this  length  measure- 
ment error  would  put  this  leading  edge  at  205.088  feet,  re- 
quiring 51  bulbs  to  display  the  band  instead  of  50,  which 
would  be  a  noticeable  effect.   A  similar  argument  can  be  used 
to  demonstrate  the  possibility  of  a  two-bulb  error  (8  feet) 
in  the  case  of  the  6.006-foot  band  edge  placement  error 
treated  earlier. 

The  explanation  for  the  discrepancies  in  the  ve- 
hicle length  measurements  across  the  sensor  stations  is 
related  to  the  electronic  properties  of  the  individual  detec- 
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tor  units  associated  with  each  loop.   Sarasota  Mark  15  series 
detectors  were  used  for  freeway  vehicle  detection  based  on 
their  observed  performance  in  accurately  reporting  vehicle 
arrival  times  at  the  leading  edge  of  loops  in  a  series  of 
controlled  tests  [93].   The  speed  detection  process  for  the 
Tampa  Green  Band  System  uses  two  loops  at  each  freeway  sta- 
tion, spaced  a  known  distance  apart.   Then,  as  a  vehicle 
passes  over  the  two  loops,  its  velocity  may  be  estimated  by 
dividing  the  loop  separation  by  the  vehicle  travel  time  be- 
tween the  loops.   The  critical  factor  in  this  speed  determin- 
ation technique  is  that  both  detectors  (e.g.,  one  at  each 
loop)  report  the  presence  of  the  vehicle  at  the  same  relative 
position  with  respect  to  each  of  the  loops  to  give  accurate 
travel  time  measurements  over  the  known  loop  separation  dis- 
tance.  This  requirement  leads  to  the  need  for  using  loop 
detectors  which  are  paired,  or  close  to  identical  in  their 
sensitivity,  or  rise-time  characteristics,  with  respect  to 
vehicle  presence  at  the  leading  edge  of  the  associated  loops. 
Rise-time  is  simply  the  time  required  to  generate  a  detector 
output  signal  given  that  a  vehicle  has  disturbed  the  magnetic 
flux  field  of  the  loop  beyond  a  fixed  threshold  level. 

The  detectors  used  in  the  Tampa  freeway  stations 
were  tested  for  their  adequacy  in  the  useage  described  above, 
and  were  found  to  give  satisfactory  results  for  the  speed 
determination  application.   However,  since  the  detector  cir- 
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cuitry  was  designed  specifically  for  accurate  response  to 
leading  edge  vehicle  presence,  as  indicated,  inaccuracies 
were  noted  in  the  times  reported  by  the  detectors  for  ve- 
hicle departures  from  the  loops.   In  particular,  each  of 
the  pairs  of  detectors  in  the  seven  freeway  stations  have 
electrical  cut-off  thresholds  in  practice  located  at  dis- 
tances ahead  of  or  behind  the  actual  loop  widths  of  six  feet 
as  installed  in  the  road  surface.   This  has  the  effect  of 
biasing  reported  vehicle  lengths  away  from  the  actual  length 
values.   To  estimate  the  magnitude  of  this  error  for  each 
sensor  pair,  and  to  determine  if  a  calibration  technique 
could  be  used  to  correct  the  errors,  the  analysis  described 
in  the  following  section  was  performed. 

Derivation  of  a  Model  for  Estimating 
Operational  Lengths  of  Freeway  Sensors 

Recall  the  scheme  used  for  identifying  sensor  time 
events  for  the  double-loop  freeway  sensors  for  vehicle  i 
passing  through  the  sensor,  and  let  T3i  and  T4 .  be  the  times 
of  vehicle  arrival  and  departure  at  the  first  loop  in  the 
sensor,  and  TljL  and  T2 .  be  the  times  of  vehicle  arrival  and 
departure  at  the  second  loop  in  the  sensor,  respectively. 


i 


Then,       TT   =  (Tl   -  T3 . )  =  Travel  time  in  the  sensor  of 

1 

vehicle  i  from  leading  edge 
of  first  loop  to  leading  edge 
of  second  loop 
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TOCC •  =  (T2 .  -  Tl.)  =  Occupancy  time  of  vehicle 

i  in  second  loop  of  the 
sensor, 

G  =  Distance  from  leading  edge 
of  the  first  loop  in  the 
sensor  to  the  leading  edge 
of  the  second  loop, 

W  =  Assumed  electrical  length 
of  second  loop  (feet) . 

Then,  the  velocity  of  vehicle  i  in  the  sensor  may  be 
estimated  by: 

WT       DISTANCE   _       G       _   G 
Villi   _  _  — _  

i    TRAVEL  TIME    (Tl±  -  T3j.)    TTi 
and  the  length  of  vehicle  i  may  be  estimated  by 

LENGTH.  =  (T2.  -  Tl . )  -   W  ,  in  seconds 
i       i      i     VELi 

or  LENGTH.  =  (T2 .  -  T1.)(VEL.)  -  W 

=  (TOCC. ) (VEL. )  -  W,  in  feet. 

Now,  consider  the  computation  of  the  mean  length  of 

a  series  of  N  vehicles  passing  over  a  given  sensor  station: 

N 

Z     [LENGTH.] 

LENGTH     =   i=l 
avg    


N 
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Substituting  the  expression  derived  earlier  for  (LENGTH.) 
in  the  above  equation  gives: 


Z    [ (TOCC, ) (VEL, )  -  W] 


LENGTH     =  i=l 
avg    


N 


Then,  substituting  the  expression  for  (VEL  )  derived  earlier, 

i 

it  is  possible  to  write: 


N 

Z 

LENGTH     =  i=l 
avg    


(TOCCi)G 
(TTj  ) 


-  W 


N 


Removing  the  constant  G  from  the  expression  and  expanding 
yields : 


LENGTH 


avg 


i=l  \  TT± 


N 

ZW 
i  =  l 


N 


And  finally,  dividing  the  expression  by  the  denominator  gives: 


_  G 


TOCC, 


LENGTH     =  !f    Z   I -1  |  _  W 

av9    N   i  =  1  \  TTi 

Thus,  the  average  length  is  a  function  of  G,  N, 

TOCC  ■ 
Z  „  x    ,  and  W,  as  expected,  but  the  expression  can  be  re- 
arranged to  allow  the  computation  of  W  in  terms  of  the  other 
variables,  as: 


W  = 


N 

Z 

i  =  l 


TOCC. 

TT^ 


-  LENGTH 


avg 
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Thus,  by  assuming  an  average  vehicle  length,  it  is 
possible  to  compute  an  estimated  operational  length  for  a 

given  freeway  sensor  pair,  since  G  is  known  by  measurement 

N  /TOCC • \ 
(20  feet  in  the  Tampa  system)  and  N  and   X  I     x\    can  be 

obtained  from  data  generated  by  the  on-line  system.   This 

theory  makes  it  possible  to  use  a  set  of  individual  W  values 

for  each  sensor  in  the  control  program's  Highway  Vehicle 

Processing  routine  which  will  cause  the  reported  length 

averages  over  a  set  of  vehicles  at  the  sensor  stations  to 

more  closely  agree  in  magnitude,  forcing  a  closer  agreement 

in  vehicle  length  tracking  across  the  sensor  set. 

To  test  the  validity  of  the  above  approach,  a  com- 
puter run  was  made,  using  the  first  15-minute  period's  data 
to  estimate  sensor  width  values  for  the  next  period.   An 
average  freeway  vehicle  length  of  17.5  feet  was  used  at  the 
suggestion  of  Mr.  Gary  C.  Price,  Florida  Department  of  Trans- 
portation [personal  communication] ,  to  provide  the  desired 
goal.   Average  length  values  for  the  seven  freeway  stations 
are  shown  with  and  without  the  use  of  these  estimated  W  val- 
ues in  Table  7.   The  program  used  data  on  individual  freeway 
vehicle  sensor  event  times  to  compute  vehicle  lengths,  which 
were  then  averaged  to  generate  the  data  rather  than  using 
the  period  average  length  expression  derived  above.   These 
results  have  the  expected  consistent  behavior,  and  would 
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provide  an  on-line  control  system  with  a  reduced  band  jump 
or  shrink  potential  in  normal  operation. 

It  is  interesting  to  note  that  this  algorithm  for 
sensor  width  adjustment  could  easily  be  carried  out  on-line 
by  a  merging  control  system  as  it  controls  the  ramp  dis- 
plays.  Software  routines  could  be  coded  to  maintain  continu- 

(TOCC  \ 
—  I   from  each  freeway  sen- 
sor input.   Then,  at  periodic  update  intervals,  perhaps  on 
the  order  of  several  minutes  apart,  the  system  could  be  in- 
structed to  compute  a  new  vector  W,  representing  an  adaptive 
estimate  of  the  electrical  length  behavior  of  the  freeway 
sensors  for  the  next  period  of  operation.   Since  operational 
experience  with  the  Tampa  system  has  shown  that  freeway 
double-loop  detectors  need  frequent  adjustment  and  tuning  to 
keep  them  operational,  the  use  of  an  on-line  sensor  length 
measurement  calibration  algorithm  such  as  that  discussed 
above  could  minimize  the  disruptive  effects  of  such  mainten- 
ance operations  on  the  behavior  of  the  merge  control  system 
displays. 


Development  of  a  Simulation  Model  for  the 
On-line  Green  Band  System  Control  Program 


As  indicated  earlier  in  this  chapter,  the  green 
bands  displayed  on  the  ramp  display  associated  with  the  Tampa 
Green  Band  System  frequently  exhibit  stability  problems  which 
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have  the  potential  for  reducing  the  degree  of  ramp  driver 
confidence  in  the  operation  of  the  system.   To  establish  a 
tool  for  studying  this  problem,  a  simulation  model  for  the 
on-line  control  system  was  developed.   The  use  of  simulation 
techniques  was  considered  to  be  the  best  approach  for 
analyzing  this  problem  for  the  following  reasons: 

1.   Experiments  with  the  on-line  system  in  the 
field  during  normal  traffic  conditions  would 
have  necessitated  closing  the  ramp  to  avoid 
the  display  of  possibly  erratic  bands  to  pub- 
lic traffic.   As  the  ramp  volume  is  moderate 
to  heavy  during  the  day,  particularly  during 
peak  periods,  the  closure  of  the  ramp  would 
have  caused  diversion  of  traffic  in  the  down- 
town Tampa  central  business  district,  and 
this  was  deemed  unacceptable.   Experimenta- 
tion with  changes  in  the  on-line  system  using 
the  situation  display  board  to  monitor  sys- 
tem outputs  was  a  possibility,  but  would  have 
required  photographic  data  recording  of  the 
system  operation  to  slow  the  system  output 
activity  down  enough  to  permit  meaningful  com- 
parisons to  be  made  (also  a  requirement  associ- 
ated with  the  use  of  the  ramp  display  for  ex- 
perimentation) . 
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2.   The  use  of  fixed  data  inputs  such  as  those 
that  would  be  required  to  operate  a  simula- 
tion model  would  allow  controlled  experiment- 
ation with  system  parameter  or  logic  changes 
for  exactly  the  same  set  of  field  inputs  in 
each  case,  allowing  an  accurate  comparison  of 
behavior  of  the  system  under  these  differing 
conditions.   Also,  establishing  exact  repro- 
duceability  of  field  sensor  data  inputs  to  the 
on-line  control  program  to  establish  the  ef- 
fects of  changes  in  the  program  or  in  the 
parameters  associated  with  the  program  would 
have  been  extremely  difficult.   It  was  theoret- 
ically possible  to  write  a  data  processing 
routine  which  would  read  data  tapes  prepared 
earlier  by  the  system  and  to  use  the  resulting 
data  to  simulate  field  sensor  inputs,  but  this 
approach  would  have  necessitated  the  creation 
of  special  purpose  assembly  language  software 
to  handle  this  task,  and  other  considerations 
discussed  below  made  the  use  of  the  on-line 
system  relatively  unattractive. 

3.   The  green  band  control  program  is  designed  to 
operate  on-line  in  real  time.   Figure  52  illus- 
trates the  frequencies  at  which  the  major  rou- 
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MAIN 
(EXEC) 


500  TIMES /SECOND 


ISR 


100  TIMES/SECOND 
-**]        HVP 


ioo  te-es/ second 


GBS 


100  TIMES /SECOND 


*-v   GBUD 


Figure  52.   Subroutine  Calling  Rates  in  the  On-Line  Control 
Program 
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tines  in  the  on-line  control  program  are 
called.   Note  that  the  input  service  routine 
(ISR)  is  called  500  times  per  second,  and  the 
other  routines  including  the  highway  vehicle 
processor  (HVP) ,  the  green  band  status  pro- 
gram (GBS),  and  the  green  band  update  routine 
(GBUD)  are  called  at  the  rate  of  100  times  per 
second.   These  relatively  high  program  activity 
rates  would  have  necessitated  some  means  of  re- 
cording the  values  of  the  variables  associated 
with  these  operating  routines  for  subsequent 
off-line  analysis  at  a  rate  fast  enough  not  to 
interfere  with  the  operations  of  these  routines. 
Thus,  again  simulation  was  indicated,  as  it  al- 
lows the  operations  of  the  process  being  repre- 
sented to  be  run  at  a  rate  which  allows  examina- 
tion of  the  appropriate  variable  values  as  the 
simulation  progresses  without  interfering  with 
the  normal  flow  of  the  operations  of  the  process 
being  simulated. 

4.   Finally,  experimentation  with  program  parameter 
values  is  relatively  easy  in  the  on-line  green 
band  system,  as  the  operator  change  and  inspect 
routine  (OCIS)  allows  a  capability  for  such 
changes  to  be  made  through  the  teletype  console 
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while  the  system  is  running.   However ,  changes 
to  the  program  structure,  including  such  minor 
things  as  the  addition  of  two  or  three  lines  of 
code  in  the  middle  of  a  routine,  require   the 
use  of  the  assembler  program  for  the  Raytheon 
704  computer  to  prepare  a  new  program  for  execu- 
tion.  This  necessitates  the  use  of  the  paper 
tape  editing  capabilities  of  this  system  to  im- 
plement the  program  changes,  and  then  requires 
the  input  of  this  new  paper  tape  to  the  assembler 
for  preparation  of  an  object  tape  containing  the 
machine  language  instructions  associated  with 
the  program.   As  the  assembler  requires  two 
passes  with  the  source  language  tape  to  prepare 
an  object  tape  and  produce  a  corresponding  out- 
put listing,  this  process  is  extremely  time- 
consuming  and  the  use  of  the  on-line  system  for 
software  experimentation  involving  frequent 
program  changes  would  have  limited  the  amount 
of  experimentation  that  could  be  conducted  in 
the  time  available  for  the  project. 

It  is  axiomatic  that  a  simulation  model  is  only  as 
good  as  its  data  inputs,  and  thus   considerable  attention  was 
paid  to  the  question  of  providing  accurate  data  inputs  to  the 
simulation  program  which  accurately  represented  those  condi- 
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tions  fed  to  the  on-line  program  by  the  input  service  rou- 
tine (ISR)  of  the  green  band  control  program.   As  mentioned 
earlier,  the  TOGAP  program  for  off-line  analysis  of  on-line 
data  tapes  generated  by  the  control  system  provided  an  ideal 
means  of  obtaining  the  necessary  data,  and  modifications 
were  implemented  in  the  TOGAP  system  to  provide  punched  out- 
put of  freeway  vehicle  characteristics  at  each  upstream  sen- 
sor station  corresponding  to  the  information  available  inside 
the  on-line  control  program.   These  inputs  included  for  each 
freeway  vehicle,  the  estimated  time  of  arrival  at  the  merge 
point,  the  time  of  crossing  at  the  leading  edge  of  the  second 
loop  of  the  current  sensor,  the  velocity  at  the  sensor  in  feet 
per  second,  and  the  length  of  the  vehicle  in  seconds.   TOGAP 
computes  vehicle  length  measurements  in  units  of  feet,  but 
these  values  can  easily  by  converted  to  vehicle  length  in 
seconds  by  simply  dividing  the  length  in  feet  by  the  observed 
vehicle  velocity. 

Figure  53  shows  the  operating  environment  for  the 
green  band  control  simulator,  and  illustrates  the  inputs  to 
the  system,  the  logic  elements  associated,  with  the  simula- 
tion, and  the  outputs  obtained  from  the  simulation.   As  band 
activity  in  the  moving  mode  was  the  primary  concern,  only 
the  moving  mode  of  system  operation  was  simulated.   Figure 
54  shows  the  subroutine  structure  for  the  control  program 
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CARD    INPUT    OF 

PROCESSED  FREEWAY   VEHICLE 

DATA   FROM   TOGAP    OUTPUTS 

[ETA,T1,VEL,LEN, SENSOR//]    FOR  EACH  VEHICLE 


GREEN  BAND   CONTROL  PROGRAM   SIMULATOR 
FREEWAY    GAP    REQUIREMENT    LOGIC 
BAND    LAUNCH   DECISION    LOGIC 
BAND   UPDATE  ROUTINE 
TIMING   AMD   CALLING   LOGIC   SEQUENCING 


f 

PRINTED  OUTPUT 

SIMULATED  GREEN  BAND  POST 

TION 

VERSUS 

TIME  ON  FIELD  DISPLAY 

Figure  53.  Operating  Environment  for  the  Green  Band  Control 
Program  Simulator  Illustrating  Inputs,  Logic  Ele- 
ments,   and   Outputs 
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simulator.   The  programs  were  written  in  the  FORTRAN  IV  pro- 
gramming language,  and  a  complete  listing  appears  in  Appen- 
dix B.   This  listing  is  for  the  simulator  version  represent- 
ing the  current  Tampa  system. 

The  actions  of  the  executive  routine  (EXEC)  in  the 
control  program  are  simulated  by  the  MAIN  routine.   When  the 
simulation  is  run,  the  first  action  of  MAIN   is  to  call  sub- 
routines ISRINI  and  HVINI  to  initialize  data  arrays  used  by 
the  simulated  input  service  routine  (ISR)  and  highway  vehicle 
processor  (HVP)  routines  of  the  on-line  control  program. 
When  these  routines  have  been  initialized,  the  MAIN  routine 
simply  calls  the  other  routines  of  the  simulation  at  simulated 
rates  corresponding  to  those  used  in  the  on-line  control  sys- 
tem.  The  only  other  responsibility  of  this  routine  is  to  up- 
date a  simulated  real-time  clock  for  the  system  to  provide 
timing  information. 

Figure  55  illustrates  the  data  storage  scheme  used 
to  hold  the  input  data  from  the  TOGAP  system  outputs  of  ac- 
tual freeway  conditions.   The  data  are  stored  in  a  three- 
dimensional  array  which  can  be  considered  as  having  7  rows, 
100  columns,  and  5  planes  for  data  storage,  representing  res- 
pectively the  7  freeway  sensor  stations,  storage  capabilities 
for  up  to  100  vehicle  observations  at  each  station,  and  5 
types  of  data  for  each  freeway  vehicle  including  the  ETA  at 
merge  point,,  the  time  of  second  loop  leading  edge  crossing 
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at  the  velocity  sensor  station,  the  vehicle  velocity,  the 
vehicle  length,  and  finally  the  car  number  obtained  by  ve- 
hicle tracking  in  the  TOGAP  system.   It  should  be  noted  that 
the  on-line  control  system  does  not  do  vehicle  tracking,  and 
therefore  does  not  associate  vehicle  numbers  with  the  various 
sensor  reports  that  it  processes,  but  these  data  were  included 
in  the  simulation  of  the  control  program  to  facilitate  the 
identification  of  individual  vehicles  in  the  various  data 
tables  associated  with  the  operations  of  the  system. 

To  accurately  represent  the  timing  of  data  flows 
from  the  field  sensors  in  the  simulation  of  the  on-line  con- 
trol program,  two  single-dimension  arrays  each  of  length  7 
were  used  to  represent  respectively  the  time  at  which  the 
next  event  for  each  of  the  seven  sensors  will  occur  in  the 
future,  and  the  current  array  subscript  of  the  vehicle  which 
will  be  next  in  a  given  sensor  list.   The  simulation  does  not 
look  ahead  in  time,  rather,  it  uses  the  information  stored 
on  the  time  of  the  next  vehicle  arrival  at  each  of  the  sen- 
sor stations  to  inhibit  sensor  activity  on  each  channel  until 
the  current  clock  time  is  equal  to  or  greater  than  a  projected 
vehicle  arrival  time.   When  this  condition  is  detected,  a 
flag  is  set  in  the  simulation  indicating  to  the  simulated 
highway  vehicle  processor  routine  that  new  data  are  available. 
This  is  the  same  technique  used  in  the  on-line  control  system 
to  report  the  completion  of  vehicle  timing  data  at  a  freeway 
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sensor  by  the  input  service  routine  and  a  subsequent  need 
for  processing  by  the  highway  vehicle  processor  routine  in 
the  on-line  system. 

Figure  56  shows  the  simulation  logic  used  to  model 
the  actions  of  the  highway  vehicle  processing  program  in  the 
on-line  control  program.   The  on-line  program  and  the  cor- 
responding simulation  model  both  maintain  lists  of  freeway 
vehicle  data  for  each  sensor  station.   In  the  on-line  system, 
4  pieces  of  data  for  up  to  9  vehicles  are  accommodated  for 
each  of  the  7  freeway  sensor  stations  as  discussed  earlier 
in  Chapter  2,  and  the  total  freeway  vehicle  data  base  is  main- 
tained in  a  single  data  table  of  252  words.   To  facilitate 
array  manipulation  in  the  simulation  program,  however,  sep- 
arate data  arrays  are  maintained  for  each  of  the  sensor  sta- 
tions containing  enough  storage  to  represent  9  vehicles  for 
each  of  the  stations  as  in  the  on-line  system.   The  current 
number  of  vehicles  in  each  sensor  list  is  stored  in  a  single 
dimension  array,  NLIST(7)t   As  the  sensor  data  from  the  free- 
way vehicle  actuations  have  already  been  processed  by  the 
TOGAP  system,  and  are  available  in  prestored  data  arrays,  the 
computational  activity  normally  performed  by  the  highway  ve- 
hicle processing  program  on-line  to  convert  sensor  actuation 
times  to  vehicle  descriptors  is  not  required  in  the  simula- 
tion, and  the  primary  activity  of  the  simulated  highway  ve- 
hicle processing  program  is  to  schedule  the  updates  of  the 
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various  sensor  lists  in  a  manner  equivalent  to  that  done  by 
the  on-line  program.   Examination  of  Figure  56  reveals  the 
basic  processes  involved  in  this  updating  process. 

On  each  entry  to  the  highway  vehicle  processor, 
done  at  the  simulated  rate  of  100  calls  per  second,  all  ve- 
hicles in  all  of  the  current  sensor  lists  are  checked 
against  the  current  time  to  see  if  they  are  overdue  at  the 
merge  point.   This  testing  is  done  by  comparing  the  estimated 
time  of  arrival  for  each  vehicle  at  the  merge  point  with  the 
current  clock  value,  and  only  those  vehicles  for  which  the 
estimated  time  of  arrival  is  greater  than  the  current  clock 
time  are  maintained  in  the  lists.   The  vehicles  which  are 
overdue  at  the  merge  point  are  deleted  from  the  lists,  and 
the  list  counters  adjusted  to  reflect  the  current  number  of 
entries  in  each  list.   When  this  ETA  scanning  is  completed, 
the  highway  vehicle  processor  scans  through  each  of  the  sen- 
sor lists  beginning  at  Fl  and  working  upstream  to  the  simu- 
lated list  fo  F7.   For  each  list,  the  sensor  activity  flag 
set  by  the  simulated  input  service  routine  is  checked  to 
see  if  new  data  are  available .   If  no  such  data  are  available , 
the  scan  continues  at  the  next  upstream  list,   If,  however, 
new  data  are  available,  the  list  contents  counter  is  checked 
to  see  if  the  list  is  currently  empty.   If  it  is,  subroutine 
INSERT  is  called  to  place  the  new  sensor  data  in  the  list 
and  to  adjust  the  list  counter,   If  the  list  is  not  currently 
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empty,  the  first  vehicle  in  the  list  is  checked  to  see  if 
it  is  overdue  at  the  next  downstream  sensor,   This  test  is 
done  by  comparing  the  sum  of  the  reported  vehicle  detection 
time  (Tl)  plus  a  vehicle  maximum  retention  time,  THOLD,  with 
the  current  clock  time.   If  this  sum  is  greater  than  the 
current  clock  time  the  vehicle  is  considered  to  be  overdue 
at  the  next  downstream  sensor  and  is  removed  from  the  list. 
If  the  vehicle  is  not  found  to  be  overtime  at  the  next  down- 
stream sensor,  the  list  is  checked  to  see  if  it  is  full,  and 
if  so,  the  top  entry  is  deleted,  all  list  elements  are  moved 
up  one  position,  and  the  new  data  are  inserted  at  the  bottom 
of  the  list.   If  the  current  list  is  not  full,  the  new  data 
are  inserted  at  the  list  at  the  next  available  position  and 
the  counter  is  adjusted  to  reflect  the  number  of  vehicles 
currently  stored  in  the  list. 

Subroutine  INSERT  performs  the  functions  of  placing 
newly  available  freeway  vehicle  data  in  the  respective  sen- 
sor lists.   As  indicated  by  its  flow  chart,  depicted  in 
Figure  57,  INSERT  also  serves  to  implement  the  functions  per- 
formed in  the  highway  vehicle  processor  in  the  on-line  control 
system  of  providing  a  minimum  vehicle  ETA  separation  in  the 
data  lists.   This  is  accomplished  by  checking  the  estimated 
time  of  arrival  of  the  newest  vehicle  in  the  list  against 
the  estimated  time  of  arrival  at  the  merge  point  of  the  ve- 
hicle immediately  above  it  in  the  list,  representing  the 
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next  earlier  vehicle  currently  stored  in  the  list.   If  this 
ETA  value  is  less  than  the  previous  ETA  value,  the  assumption 
is  made  that  the  new  vehicle  will  slow  down  to  avoid  over- 
taking the  previous  vehicle,  and  an  ETA  value  is  stored  for 
this  new  vehicle  which  represents  the  old  ETA  value  plus  a 
minimum  time  spacing,  HMIN,  which  is  currently  implemented 
at  a  value  of  0.8  seconds  in  the  on-line  control  system. 
After  the  new  vehicle  data  are  placed  in  the  current  sensor 
list,  the  list  counter  is  adjusted  to  reflect  the  availabil- 
ity of  new  data  and  the  subroutine  returns  to  the  simulated 
highway  vehicle  processor. 

Subroutine  SQUEEZE  performs  the  functions  of  com- 
pressing vehicle  data  list  entries  at  each  sensor  station 
when  a  need  for  such  activity  is  determined  by  HVP .   This 
routine  essentially  performs  the  same  function  as  that  done 
in  the  on-line  control  program  when  data  must  be  moved  in 
the  master  freeway  vehicle  data  table. 

Green  band  launch  decisions  and  computations  for 
the  placement  of  green  bands  on  the  driver  display  are  per- 
formed by  the  simulated  green  band  status  (GBS)  routine, 
whose  flow  chart  is  represented  in  Figure  58.   Again,  to 
facilitate  the  FORTRAN  array  manipulations  required  by  the 
simulation,  the  individual  highway  vehicle  processor  sen- 
sor lists  are  copied  sequentially  into  a  single  array  repre- 
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senting  the  total  vehicle  contents  of  the  individual  sensor 
lists.   This  action  is  performed  as  the  last  function  of  the 
highway  vehicle  processor  routine  and  allows  the  green  band 
status  routine  to  scan  the  overall  list  in  a  straightforward 
manner.   Upon  each  entry  to  GBS ,  then,  the  number  of  ve- 
hicles in  this  composite  freeway  vehicle  data  array  is  checked 
to  see  if  there  are  any  vehicles  in  the  upstream  section  of 
the  freeway.   If  there  are  no  such  vehicles,  a  flag  indicat- 
ing that  the  field  display  should  be  turned  to  an  all-green 
condition  is  set  and  an  immediate  return  to  the  executive 
routine  is  made. 

If  there  are  freeway  vehicles  upstream  of  the  merge 
area  currently  in  the  lists,  as  indicated  by  a  value  of  the 
total  vehicle  count  greater  than  or  equal  to  1,  processing 
continues  with  one  of  two  differing  simulation  program  re- 
sponse modes.  The  Woburn  Green  Band  System  as  described  in 
Chapter  2  had  logic  in  its  on-line  Green  Band  Status  routine 
to  skip  the  process  of  band  creation  in  the  moving  mode  of 
operation  if  no  new  sensor  data  had  been  received  in  the 
time  interval  since  the  last  entry  to  GBS,  and  this  meant 
that  most  of  the  band  movements  along  the  ramp  display  were 
caused  by  the  actions  of  the  Green  Band  Update  Routine  (GBUD) 
operating  on  previously  established  band  tables.   Movies 
taken  at  the  Woburn  site  indicated  the  existence  of  band 
stability  problems  there,  and  the  simulation  program  was 
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initially  designed  to  allow  this  control  program  option  to 
be  studied.   Thus,  when  using  the  simulator  to  represent 
Woburn  control  system  operation,  GBS  returns  to  the  execu- 
tive calling  routine  if  no  new  sensor  data  have  been  flagged 
as  ready  for  use  by  the  ISR, 

It  is  interesting  to  note  that  the  Woburn  fixed- 
speed  green  band  algorithm  gave  noticeably  smoother  results 
when  tested  in  Tampa  with  its  "do  GBS  only  if  new  sensor 
data  are  available"  flag  set  permanently  on.   This  routine 
was  used  to  provide  system  test  capabilities  while  the 
Tampa  variable  speed  band  propagation  logic  was  under  develop- 
ment.  No  mention  of  experimentation  with  this  section  of 
the  control  logic  appears  in  the  Woburn  system  documenta- 
tion [83-85],  but  its  use  was  probably  intended  to  reduce 
the  computing  workloads  on  the  system,  as  the  Woburn  com- 
puter had  approximately  half  the  processing  speed  of  its 
Tampa  counterpart,  making  program  execution  time  an  import- 
ant design  constraint. 

Field  experimentation  with  earlier  versions  of 
the  Tampa  Green  Band  System  on-line  control  program  indi- 
cated that  the  use  of  the  variable-speed  green  band  propa- 
gation algorithm  discussed  in  Chapter  3  required  that  the 
GBS  routine  be  allowed  to  destroy  old  bands  and  create  a 
new  set  of  bands  each  time  it  was  entered  to  give  the  de- 
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sired  smoothness  of  band  movement  across  the  display,   Thus, 
the  Woburn  "do  GBS  only  if  new  sensor  data  are  available" 
flag  was  set  permanently  on  in  the  Tampa  on-line  control 
software  to  accomplish  this  function.   Overall  band  quality 
was  improved  on  the  field  display  after  this  change  was  im- 
plemented, but  many  of  the  band  edges  still  exhibited  the 
unstable  conditions  mentioned  earlier. 

Thus,  processing  activity  continues  in  the  simulated 
GBS  routine  with  the  creation  of  the  first  band  on  the  ramp 
display  if  either  of  two  conditions  are  met: 

1.  A  new  sensor  activity  report  has  now  become 
available  (Woburn  option) ,  or 

2.  On  every  entry  to  GBS  if  any  freeway  vehicles 
are  in  the  data  lists  (Tampa  option) . 

The  process  described  in  Chapter  3  for  the  creation  of  green 
bands  in  the  Tampa  system  is  implemented  by  the  simulation, 
and  after  the  first  band  is  created,  the  number  of  vehicles 
is  checked  to  see  if  it  is  greater  than  one.   If  the  answer 
is  yes,  processing  continues  with  the  creation  of  intermedi- 
ate bands  for  any  two  successive  vehicles  in  the  freeway 
data  lists  which  pass  the  required  gap  tests.   When  the  last 
vehicle  in  the  list  is  reached,  the  last  band  on  the  display 
is  created,  and  the  simulated  green  band  status  routine  re- 
turns to  the  executive  program. 
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The  required  gap  computations  for  the  creation  of 
a  green  band  on  the  driver  display  as  described  in  Chapter 
2  are  implemented  in  subroutine  RAYGAP  and  function  subpro- 
grams F2  and  F3.   The  simulation  program  uses  the  approxima- 
tion formulas  derived  by  Raytheon  for  use  in  the  on-line 
control  programs  to  compute  the  time  required  for  vehicles 
to  accelerate  from  one  velocity  to  another,  as  these  formu- 
las are  currently  implemented  in  the  on-line  Tampa  system. 

Three  other  subroutines  complete  the  control  pro- 
gram simulator.   Subroutine  BIN0UT  is  used  to  print  the  cur- 
rent contents  of  each  of  the  seven  sensor  lists  (stations 
1  through  7  represent  Fl  through  F7,  respectively).   Sub- 
routine GBUD  is  used  to  propagate  bands  established  by  GBS 
along  a  simulated  field  display  by  using  the  equations  of 
band  motion  established  in  Chapter  2.   A  band  acceleration 
rate  of  3  feet/second2  is  used  in  the  Tampa  variable  speed 
band  propagation  logic.   Subroutine  XLTE  implements  the  band 
edge  placement  computations  discussed  in  Chapter  3  for  the 
Tampa  variable-speed  moving  mode  bands. 

As  is  often  the  case  with  system  modelling  activity, 
the  development  of  the  on-line  green  band  control  program 
simulation  model  provided  many  useful  insights  into  the 
operation  of  the  corresponding  real-world  system.   For  exam- 
ple, the  development  of  the  simulation  logic  for  the  highway 
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vehicle  processing  program  brought  to  light  the  value  of 
20.48  seconds  for  the  constant  used  in  the  control  program 
for  the  testing  of  overtime  conditions  of  freeway  vehicles 
at  the  next  downstream  sensor,   A  comment  in  the  source 
code  for  the  Woburn  on-line  control  program  indicated  that 
this  constant  represents  the  time  for  a  freeway  vehicle  to 
reach  the  next  downstream  sensor  while  travelling  at  the 
rate  of  10  feet  per  second.   This  parameter  value,  then,  is 
sub-optimal  for  normal  system  operation,  as  the  freeway  ve- 
locities observed  upstream  of  the  Tampa  ramp  average  on  the 
order  of  70-80  feet  per  second,  representing  a  travel  time 
over  the  200  feet  spacing  between  the  freeway  sensors  in  the 
range  of  2.5  to  2.8  seconds.   The  selection  of  this  rela- 
tively high  value  for  vehicle  retention  time  in  the  sensor 
lists  can  result  in  the  imposition  of  extra  computing  work- 
loads on  the  control  computer,  as  the  data  in  the  lists  are 
continually  processed  during  GBS  operations,  and  even  though 
old  data  are  usually  filtered  out  successfully  by  the  program 
algorithms,  all  of  the  list  data  must  be  examined  at  the  rate 
of  100  times/second. 

The  standard  simulation  output  is  in  the  form  of 
printed  tables  of  vehicle  information,  band  parameters,  and 
sequential  lines  of  output  representing  bulb  commands  to  the 
field  display.   As  computer  printers  usually  have  a  maximum 
of  132  characters  per  line,  it  was  not  possible  to  represent  a 
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full  set  of  152  bulbs  comprising  the  Tampa  ramp  display  on 
a  single  line  of  output,   To  give  an  overall  view  of  band 
activity,  it  was  decided  to  use  one  character  position  to 
represent  2  adjacent  4-foot  sections,  and  thus  each  line  of 
band  output  can  show  up  to  7  6  "G"  characters  to  represent 
the  full  608-foot  length  of  the  Tampa  display.   Actually, 
80  positions  are  used  to  allow  the  representation  of  dis- 
play lengths  up  to  the  full  640-foot  display  allowed  by  on- 
line control  program  bit  assignments  (e.gf,  10  words  of  16 
bits  each) .   While  the  printed  band  output  from  the  simu- 
lation is  ideal  for  detailed  comparisons  of  band  activity 
under  various  system  control  strategies,  as  will  be  discussed 
in  the  next  section,  it  does  not  give  a  true  measure  of  the 
appearance  of  band  dynamics  to  observers  viewing  the  same 
information  on  the  field  display.   Figure  59  illustrates  a 
scheme  which  could  be  used  to  provide  this  analysis  capabil- 
ity. 

The  simulation  program  could  easily  be  modified 
to  be  run  from  a  CRT-type  terminal  associated  with  a  time- 
sharing computer  system.   Then,  as  each  new  line  of  band 
output  was  generated  and  displayed  on  the  screen,  the  pro- 
gram would  send  a  special  character  to  the  terminal  which 
would  be  decoded  in  a  simple  logic  circuit  and  used  to 
trigger  a  camera  directed  at  the  screen. 
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Most  teletype-equivalent  terminals  in  current  use 
have  a  bell  character  which  activates  an  electronic  tone 
generator,  and  this  could  be  easily  adapted  to  this  appli- 
cation.  Then,  after  an  appropriate  time  delay  to  allow  the 
exposure  of  a  single  film  frame  to  be  completed,  the  simu- 
lation program  would  erase  the  screen  and  repeat  the  process 
until  the  specified  stopping  time  of  the  simulation  had  been 
reached.   The  resulting  film  could  then  be  played  back  at 
a  rate  corresponding  to  that  representing  real-time  opera- 
tion of  the  system,  thus  giving  an  accurate  representation 
of  how  the  bands  would  appear  to  ramp  drivers. 

Another  approach  for  monitoring  band  activity  on  a 
real-time  basis  from  the  simulation  would  be  to  use  a  dedi- 
cated computer  and  a  high-speed  graphics  terminal  to  display 
the  band  outputs  for  direct  viewing,  but  the  costs  associated 
with  this  approach  would  be  extremely  high  due  to  the  spe- 
cialized equipment  and  communications  link  facilities  re- 
quired.  The  speed  of  the  simulation  model  is  adequate  for 
such  work,  as  it  can  operate  at  approximately  twice  the 
speed  of  the  on-line  system,  primarily  due  to  the  fact  that 
the  basic  vehicle  data  are  supplied  as  inputs  and  do  not 
have  to  be  computed  from  sensor  event  times. 
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Analysis  of  Simulation  Results 

Freeway  data  obtained  during  public  operation  of 
the  green  band  system  on  August  9,  1974,  were  used  to  exer- 
cise the  simulation  model.  The  data  tape  generated  by  the 
on-line  program  was  reduced  by  the  TOGAP  software  with  the 
punched  card  output  option  active,  and  a  deck  of  sensor 
report  data  was  produced.  This  data  deck  was  then  used  to 
drive  the  control  program  simulation  model  which  generated 
the  results  to  be  discussed  in  this  section. 

Initial  Processing 

Figure  60  shows  the  input  cards  as  echo-printed  by 
the  ISRINI  routine.   Manual  examination  of  the  data  deck 
had  noted  the  time  of  the  first  Tl  event  to  be  0.888  seconds 
into  the  run,  and  the  simulation  start  time  was  specified 
as  0.850  seconds  to  avoid  unnecessary  processing  prior  to 
just  before  the  first  event.   Note  that  ISRINI  reads  all  of 
the  data  cards  for  the  current  run  at  initialization  time. 
These  data  are  loaded  into  the  RAWDAT  array  discussed  earlier, 
and  passed  to  the  simulation  at  times  determined  by  the  up- 
dates of  the  simulated  real-time  clock. 

Figure  60  also  includes  the  output  from  HVP  after 
it  has  been  called  by  the  simulation  monitor  at  0.850  sec- 
onds into  the  run.   Note  that  the  variable  NVEH  is  zero, 
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indicating  that  no  freeway  vehicles  are  currently  in  the 
system.   Also  note  that  the  seven  sensor  lists  are  empty 
at  this  time,  as  indicated  by  the  values  of  the  NLIST  array 
printed  out  opposite  each  list  identifier.   To  review  the 
notational  scheme  used,  BIN  1  represents  Fl  data,  that  is, 
data  obtained  from  the  freeway  station  nearest  the  merge 
point  location  in  Tampa  (located  384  feet  upstream  of  the 
merge  point).   BIN  7  represents  data  obtained  from  F7  ,  which 
is  the  freeway  station  most  distant  from  the  merge  point 
(located  1,584  feet  upstream  of  the  merge  point). 

The  information  appearing  at  the  bottom  of  Figure 
60  was  printed  by  the  GBS  routine,  and  simply  indicates  that 
GBS  was  entered  at  0.852  seconds  into  the  simulation  run  and 
that  no  freeway  vehicle  data  were  stored  in  any  of  the  lists 
at  that  time.   A  note  on  the  simulation  program  calling  se- 
quence is  in  order  at  this  point.   EXEC  (MAIN)  calls  the  ISR 
routine  each  time  the  master  clock  is  updated  at  the  0.002 
second  cycle  rate,  or  500  times  per  simulated  second  of 
operation.   The  routines  HVP ,  GBS,  and  GBUD  are  called  every 
five  clock  updates  (0.010  seconds),  but  these  calls  are 
staggered  across  three  successive  clock  cycles  to  implement 
the  sequencing  logic  used  in  the  on-line  system.   Thus,  for 
the  example  presented  here  with  the  run  starting  time  set  to 
0.850  seconds,  the  simulated  routine  calling  times  were  as 
follows  (all  values  in  simulated  system  seconds) : 
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ISRINI:   0,850 

HVPINI:   0.850 

ISR:   0,850,  0,852,  0,854,  0,856,  ,,, 

HVP :   0.850,  0.860,  0,870,  0,880,  ,  ,  , 

GBS:   0.852,  0.862,  0.872,  0.882,  ... 

GBUD:   0.854,  0.864,  0,874,  0.884,  ... 

Simulated  Green  Band  Trajectories 

Figure  61  shows  slightly  over  14  seconds  of  simu- 
lated green  band  display  activity  for  the  data  shown  in  Fig- 
ure 60.   Note  that  new  band  information  is  available  every 
0.010  seconds  from  GBUD,  and  that  "normal"  band  progression 
is  from  left  to  right  across  the  80  columns  of  each  output 
line  with  a  monotonic  non-decreasing  display  position  for 
each  band  edge.   The  cases  where  the  bands  exhibit  behavior 
other  than  this  expected  progression  on  the  display  are 
noted  in  Figure  61  and  will  be  discussed  individually  below. 

Case  I:   Display  Transition  from  "All  Green"  Status 

Figure  62  shows  the  detailed  simulation  outputs 
which  explain  the  transition  of  the  driver  display  from  an 
"all  green"  condition  to  a  state  which  shows  two  bands.   Note 
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Figure    61,       Band   Output    from   Control   Program   Simulator 
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GGGCGcCCGCGCCCCCgCGcGGGGGCGggggCgg  G  gGCGGGCGGCGGGC  GGG 
GCGGGCg g GGC GCCC GGGGC GGGG GGGG .Go gGgCgGgCCCCGCgggCCGCC 
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HVP    FINISHED    AT     TIME    =  0.880.     WITH    NVEH    =  0 

SENSOP    BIN       1...     NLIST<  l)=    0 

SENSOR    BIN       2...    NLISTC  2)=    0 

S^NSno    BIN       3...     NLISTC  3)=    0 

SENSOP    BIN       «...     NLISTC  41=    0 

SENSOR    BIN       5...    NL IST(  5)=    0 

SENSOR    BIN       6...     NLISM  6)=    C 

SENSOR    BIN       7...     NLISTI  7) =    0 

TIME=  0.882.     NVFH    =  0.     NLIST=  0  C  0  0  0  0  0 
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SENSOP    BIN       I...     NLISTC     11=     1 

VEH.     NO.     =       I.     ETA.Tl ,VFL.LEN,CARID=  5.675  0.888  72.993  0.30? 

SENSOR    BIN       2...    NLISTI     2)=    0 

SENSCP    BIN       3...     NLISTC     3)=    0 

S=NSOP    BIN       A...     NLIST<     4»  =    0 

SFNS«R    BIN       5...     NLISTC     5)=    0 

SENSOP    BIN       6...     NLISTI     6)=    0 
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TIME  =  o.S>92.     NVEH    =  1,     NLIST=  10  0  0  0  0  0 
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TIME=  0.892. GBS    FINISHED    WITH    NBANDS    =  2 

BAKO    NO.        I     ...  0.892  -55.481  454.362  844.000  -1.000 

BAND    NO.        2     ...  0.892  -S6.958  -9999.000  482.034  3.875 

HVP    FINISHED    AT    TIME    =  0.900.     WITH    NVEH    =  1 
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BAND    NO.        1     ...  0.922  -55.571  456.028  844.000  -1.000 
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that  at  time  0,890  seconds,  HVP  has  processed  the  first  free- 
way vehicle  detection  and  inserted  the  vehicle  data  into 
sensor  bin  1  (e.g.,  the  first  vehicle  to  be  detected  was  at 
Fl) .   GBS  detected  the  fact  that  NVEH  was  no  longer  zero  when 
it  was  entered  at  0.902  seconds,  and  created  a  "first  band" 
on  the  display  with  a  leading  placement  at  844  feet  and  a 
trailing  edge  location  at  454.917  feet  on  the  display.   NVEH 
was  1,  so  GBS  went  directly  to  the  last  vehicle  processing 
logic  and  created  a  "last  band"  using  the  same  freeway  ve- 
hicle as  before.   The  parameters  of  the  second  band  were  such 
that  it  overlapped  the  first  band,  and  the  display  remained 
"all  green"  at  time  0.904  seconds  when  the  two  bands  were 
displayed  via  GBUD.   At  time  0.912  seconds,  GBS  was  entered 
again,  and  the  bands  associated  with  the  single  freeway  ve- 
hicle were  updated.   The  overlapping  condition  remained  in 
effect  and  the  displayed  information  did  not  change. 

At  the  GBS  entry  at  0.922  seconds,  however,  a  new 
freeway  vehicle  had  been  detected,  and  the  processing  logic 
for  intra-vehicluar  gaps  was  activated.   Note  that  the  new 
freeway  detection  was  at  F2 ,  and  represented  an  ETA  at  the 
merge  point  of  7.964  seconds.   GBS  recognized  that  the  ETA 
spread  between  these  two  vehicles  passed  the  minimum  spacing 
requirement  of  2.0  seconds,  and  proceeded  to  conduct  a  re- 
quired gap  analysis.   As  shown  on  the  printout,  the  required 
gap  was  computed  to  be  3,864  seconds,  and  the  measured  gap, 
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defined  as  trailing  vehicle  ETA  minus  leading  vehicle  ETA 
minus  leading  vehicle  length  (in  seconds),  was  found  to  be 
1.781  seconds.   Thus,  no  intermediate  band  was  created,  -and 
GBS  created  a  "last  band"  for  the  display,  this  time  however, 
using  the  new  freeway  vehicle  as  the  leading  edge  determin- 
ant.  The  first  and  last  display  bands  did  not  overlap  for 
this  new  situation,  and  GBUD  displayed  the  two  distinct  bands 
to  the  simulated  output  when  it  was  next  entered  at  time 
0.924  seconds. 

Case  II;   A  Displayed  Band  Edge  Moves  Backward 

Figure  63  shows  the  data  associated  with  the  band 
size  reduction  which  can  be  seen  at  time  3.474  seconds  on 
the  simulated  display.   Note  that  at  time  3.462  seconds, 
GBS  was  working  with  three  vehicles,  and  had  two  legitimate 
bands  on  the  display  (e.g.,  bands  with  leading  and  trailing 
edges  in  the  range  of  0  to  608  feet).   At  time  3.472  seconds, 
GBS  was  entered  and  discovered  four  freeway  vehicles  in  the 
sensor  lists,  including  the  previous  entries  and  a  new 
downstream  detection  for  one  of  the  earlier  upstream  detec- 
tions.  The  new  data  were  associated  with  a  vehicle  which  had 
originally  been  detected  at  F2  with  an  ETA  of  7.964  seconds, 
and  then  was  noted  as  passing  Fl  with  a  merge  ETA  of  8.192 
seconds.   GBS  scanned  the  new  freeway  list  and  rejected  the 
old  data  for  the  most  recent  detection  through  the  use  of 
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the  0.25-second  image  test  discussed  previously.   The  second 
band  on  the  display  was  based  on  the  new  data  therefore,  and 
the  band  edge  moved  backward  on  the  display  due  to  the  higher 
ETA  value  associated  with  the  new  detection  (e.g.,  the  arriv- 
al time  of  the  band  at  the  merge  point  would  also  need  to  be 
higher  in  value,  or  later  in  time) . 

Case  III:   A  Band  Breaks  into  Smaller  Bands 

The  display  activity  at  time  4.094  seconds  is  repre- 
sentative of  what  happens  in  the  on-line  system  operation 
when  a  freeway  vehicle  enters  the  upstream  section  at  a  sen- 
sor other  than  the  normal  entry  point  at  F7.   In  this  case, 
a  new  vehicle  was  seen  for  the  first  time  at  F3,  and  required 
the  insertion  of  a  blank  area  on  the  display  to  account  for 
its  presence.  Figure  64  shows  the  data  representing  the  new 
vehicle  entry.   Note  particularly  the  change  in  the  parame- 
ters of  band  number  2. 

Case  IV:   A  Displayed  Band  Edge  Moves  Backward 

Note  the  regression  of  the  trailing  edge  of  the 
first  band  on  the  display  at  time  6.614  seconds.   What  hap- 
pened here  is  explained  by  the  data  in  Figure  65.   New  data 
became  available  on  the  vehicle  originally  detected  at  F3 
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with  an  ETA  of  13.332  seconds.   The  detection  at  F2  indi- 
cated an  ETA  of  13.821  seconds,  and  the  band  edge  moved  back 
to  reflect  the  higher  expected  travel  time  associated  with 
the  new  detection. 

Case  V;   A  New  Vehicle  Enters  the  Upstream  Freeway  Section 

The  band  shrink  at  time  8.674  seconds  can  be  ex- 
plained by  the  data  shown  in  Figure  66.   Note  that  a  new  ve- 
hicle detection  at  F7  was  processed  by  HVP  at  8.670  seconds, 
and  this  new  vehicle  became  the  trailing  vehicle  for  the 
second  band,  now  defined  by  vehicles  with  ETA  values  of 
17.591  and  28.216  seconds. 

Case  VI;   A  Substantial  Band  Size  Reduction 

Simulation  data  in  Figure  67  indicate   the  cause 
of  the  upstream  movement  of  the  leading  edge  of  band  number 
2  at  8.854  seconds.   New  data  on  vehicle  number  3  (e.g.,  the 
TOGAP  vehicle  identification  code  number  3,  shown  at  the 
extreme  right  of  the  bin  outputs)  became  available  at  time 
8.844  seconds,  and  HVP  placed  it  in  the  freeway  lists  at 
time  8.850  seconds.   Note  that  after  this  update,  HVP  has 
now  stored  information  on  vehicle  number  3  taken  at  F4 ,  F3 , 
and  F2.   The  band  perturbation  is  a  result  of  the  use  of  the 
most  recent  ETA  value  for  vehicle  3  of  18.488  seconds,  as 
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opposed  to  the  use  of  the  previous  ETA  estimate  of  17.591 
seconds  during  the  last  cycle. 

Case  VII:   A  Displayed  Band  Edge  Moves  Backward 

This  case  is  similar  to  the  last  case  presented. 
As  the  data  in  Figure  68  shows,  HVP  has  added  new  data  to 
the  sensor  lists  at  time  9.200  seconds,  representing  a  down- 
stream detection  of  TOGAP  vehicle  number  4.   As  the  ETA  of 
the  vehicle  increased  from  its  old  value,  the  band  moved 
back  to  allow  a  greater  travel  time  to  the  merge  point  lo- 
cation. 

Case  VIII:   A  Displayed  Band  Edge  Moves  Backward 

As  before,  new  vehicle  data  at  a  downstream  sensor 
cause  a  band  jump  upstream  on  the  display.   In  this  case, 
represented  by  the  data  in  Figure  69,  the  control  system  has 
new  data  available  on  TOGAP  vehicle  number  3  at  Fl,  and  the 
ETA  update  is  some  0.182  seconds  higher  than  the  old  value. 
Note  that  at  this  point  in  time,  the  HVP  operating  constants 
were  such  that  the  freeway  data  lists  contained  three  detec- 
tion reports  of  vehicle  number  4,  four  detection  reports  of 
vehicle  number  3,  and  two  detection  reports  of  vehicle  number 
5. 
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Case  IX:   A  Displayed  Band  Jumps  to  an  "All  Green"  Condition 

Note  the  forward  jump  of  120.0  feet  along  the  dis- 
play of  the  single  band  at  time  13.974  seconds.   Figure  70 
shows  data  which  explain   this  event.   TOGAP  vehicle  number 
4  had  an  ETA  at  merge  point  of  13.962  seconds  when  HVP  was 
entered  at  time  13.960  seconds,  but  did  not  qualify  as 
serving  in  an  acceptable  gap.   At  time  13.970  seconds,  HVP 
flagged  vehicle  4  as  being  overtime  at  the  merge  point  and 
removed  it  from  the  vehicle  lists.   The  vehicles  remaining 
in  the  sensor  bins  at  that  time  were  positioned  such  as  to 
cause  the  formation  of  overlapping  bands  which  illuminated 
the  entire  display. 


Simulation  of  Woburn  GBS  Control  Logic 

with  Tampa's  Variable-Speed  Bands 


Recall  the  earlier  discussion  concerning  the  need 
for  inhibiting  the  control  logic  feature  in  the  Woburn  GBS 
routine  which  prevented  the  formation  of  new  band  placement 
data  unless  new  sensor  data  were  available .   To  illustrate 
the  effects  of  this  change  on  observed  green  band  quality, 
a  simulation  run  v/as  made  which  used  the  Tampa  variable  band 
speed  logic  and  only  created  new  band  control  information  at 
the  times  sensor  reports  were  received.   Representative  re- 
sults from  this  run  are  shown  in  Figure  71,  A  comparison  of 
this  output  with  band  placements  for  the  same  time  period 
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cept  at    Sensor   Event   Times 
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earlier  in  Figure  61  clearly  illustrates  the  benefits  of 
the  "always  do  GBS"  feature  of  the  Tampa  system.   The  ex- 
planation for  the  relatively  large  band  perturbations  in 
the  Woburn  logic  case  is  related  to  the  lack  of  precision 
associated  with  projecting  bands  over  several  seconds  of 
time  using  simple  kinematic  expressions  in  GBUD  as  opposed 
to  the  updating  of  band  control  information  at  a  rate  of 
100  times/second  using  the  GBS  processing. 


System  Design 
Implication  of  Simulation  Results 


A  review  of  the  examples  in  the  previous  section 
representing  other  than  normal  band  progression  across  the 
display  indicates  that  no  fundamental  design  problems  exist 
with  the  processing  algorithms  currently  implemented  in 
Tampa.   All  of  the  band  movements  on  the  ramp  display 
generated  by  the  simulation  model  are  in  response  to  the  ac- 
tual freeway  environment  as  reported  by  field  sensor  data, 
and  no  instances  of  shortcomings  in  the  logic  which  cause 
the  generation  of  false  display  information  have  been  identi- 
fied.  The  instability  of  bands  on  the  display  is  simply  due 
to  the  constantly  changing  vehicle  trajectories  in  the  up- 
stream freeway  section.   In  one  sense,  then,  the  quality 
of  information  on  freeway  traffic  conditions  heing  presented 
to  ramp  drivers  through  the  green  band  display  is  too  good, 
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e.g.,  very  small  changes  in  measured  vehicle  characteristics 
on  the  freeway  are  being  represented  in  band  perturbations 
which  have  no  significant  potential  for  assisting  the  ramp 
drivers  in  carrying  out  the  merging  maneuver.   This  latter 
point  is  made  only  with  respect  to  small  band  perturbations 
such  as  those  that  might  result  from  the  system  processing  a 
vehicle  ETA  report  which  is  several  tenths  of  a  second  dif- 
ferent at  a  downstream  station  than  was  originally  measured. 
In  the  cases  of  a  freeway  vehicle  "cut-in"  at  one  of  the 
sensor  stations,  however,  the  removal  or  sudden  substantial 
size  change  of  bands  currently  being  displayed  is  a  necessary 
safety-oriented  response  by  the  system,  and  does  provide  vi- 
tal information  to  ramp  drivers. 

Given  that  band  instability  in  response  to  small 
freeway  vehicle  trajectory  changes  is  considered  undesirable 
in  future  merge  systems,  several  approaches  are  available 
for  reducing  the  magnitude  of  the  problem,  and  the  green 
band  control  program  simulator  discussed  earlier  in  this 
chapter  could  be  easily  modified  to  study  these  approaches 
to  identify  the  most  promising  direction  for  future  research 
in  this  area.   For  example,  freeway  vehicle  velocities, 
lengths,  and  estimated  times  of  arrival  at  the  merge  point 
vary  as  the  vehicles  pass  from  station  to  station  through 
the  upstream  area  as  a  function  of  traffic  conditions  and 
individual  driver  characteristics.   As  the  highway  vehicle 
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processor  in  the  on-line  program  does  not  currently  do  ve- 
hicle tracking,  the  differing  conditions  associated  with  a 
given  vehicle  as  it  passes  from  one  sensor  station  to  the 
next  can,  in  isolated  cases,  be  interpreted  as  representing 
different  vehicles  in  the  on-line  control  system,  contribut- 
ing to  the  band  stability  problem.   One  application  of  the 
green  band  simulation  program,  therefore,  would  be  to  study 
the  implementation  of  freeway  vehicle  tracking  in  the  on- 
line control  algorithm,  which  would  use  this  capability  to 
purge  vehicle  data  from  the  previous  upstream  sensor  list 
when  an  identified  vehicle  is  detected  arriving  at  a  given 
downstream  sensor.   Although  the  algorithms  required  to  im- 
plement vehicle  tracking  in  the  on-line  control  system  would 
of  necessity  require  extra  computational  effort  above  that 
currently  needed  by  the  system,  the  reduction  in  the  number 
of  vehicles  maintained  in  the  on-line  sensor  lists  would 
partially  offset  this  requirement  for  extra  computing  by  re- 
ducing the  number  of  vehicles  that  would  have  to  be  scanned 
on  each  entry  to  the  highway  vehicle  processing  program, 
and  which  would  subsequently  be  considered  by  GBS  in  the 
preparation  of  green  band  display  information. 

Another  technique  for  band  placement  decision  logic 
which  could  be  investigated  by  the  simulation  program  would 
consist  of  classifying  freeway  vehicle  velocities,  estimated 
times  of  arrival  at  the  merge  point,  and  lengths  into  class- 
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es  of  such  values.   This  could  be  done  at  the  most  distant 
upstream  sensor,  and  as  each  vehicle  proceeded  downstream 
through  the  remaining  freeway  sensors,  its  characteristics 
could  be  checked  at  each  of  the  sensors  to  establish  if  they 
still  fell  within  the  original  categories.   If  in  fact  they 
did,  the  "vehicle  characteristics  classification  vector" 
would  not  be  changed  and  the  green  band  updating  would  be 
based  on  the  classifications  detected  at  the  original  up- 
stream station.   This  concept  would  completely  eliminate 
band  variations  based  on  small  differences  in  individual  ve- 
hicle measurements  at  successive  downstream  stations.   Again, 
however,  the  requirement  for  extra  processing  in  the  on-line 
system  above  that  currently  implemented  would  have  to  be 
traded  off  against  the  observed  reduction  in  green  band  per- 
turbations, as  additional  computing  hardware  might  be  re- 
quired to  implement  these  advanced  algorithms. 

One  final  area  of  potential  improvements  to  green 
band  stability  is  related  to  the  consideration  of  the  number 
of  freeway  sensors  used  to  monitor  the  section  upstream  of 
the  ramp.   In  the  limit,  if  continuous  freeway  vehicle  track- 
ing were  possible  ,  band  progression  across  the  display  could 
be  made  as  smooth  as  one  desired,  as  freeway  vehicle  speeds 
and  positions  would  continually  be  available  for  band  place- 
ment decisions.   In  any  physical  system,  however,  continuous 
real-time  tracking  and  band  control  is  not  possible,  due  on 
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one  level  to  the  inherent  delays  and  discrete  scanning  rates 
associated  with  sensor  hardware,  and  on  another  level  to  the 
extremely  high  costs  associated  with  implementing  the  number 
of  sensors  and  computing  hardware  required  to  even  approach 
a  capability  for  continuous  vehicle  tracking  using  conven- 
tional traffic  sensor  hardware. 

Any  practical  moving  merge  control  system,  then, 
represents  a  design  trade-off  with  respect  to  the  amount  of 
sensor  hardware  and  associated  computing  equipment  needed 
to  prepare  the  information  on  freeway  conditions  which  it 
uses  to  control  the  ramp  displays.   High  prediction  accuracy 
and  smooth  display  operation  will  always  cost  more  to  achieve 
than  will  lower  degrees  of  prediction  accuracy  and  band 
stability.   Again,  the  use  of  a  simulation  model  such  as  the 
one  discussed  earlier  would  allow  proposed  merge  control  de- 
sign concepts  to  be  evaluated  for  their  ability  to  meet 
stated  levels  of  display  quality  and  system  performance 
without  incurring  the  costs  associated  with  prototype  tests 
under  field  conditions.   Final  system  designs  would  need 
field  trials,  but  the  range  of  candidate  systems  which  could 
be  evaluated  would  be  greatly  expanded. 
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Need  for  Closed-Loop  Control  of 
Display  Activity  in  Merging  Control  Systems 

As  discussed  in  Chapter  1,  the  Pacer  moving  merge 
control  system  represented  a  closed-loop  control  philosophy, 
in  which  the  motions  of  individual  ramp  vehicles  were  tracked 
and  used  as  one  of  the  inputs  to  the  positioning  of  pacer 
lights  displaying  recommended  vehicle  trajectories  for 
safe  merging  maneuvers.   The  green  band  system  used  an  open- 
loop  control  philosophy  which  displayed  bands  on  the  ramp 
in  response  to  freeway  gap  activity  only,  and  did  not  consid- 
er the  motions  of  individual  ramp  vehicles.   Observations  of 
the  operations  of  the  Tampa  Green  Band  System  have  led  to  the 
following  considerations  relating  to  a  need  for  "partially" 
closing  the  loop  in  the  band  propagation  algorithm  by  dis- 
playing bands  only  when  vehicles  are  on  the  ramp  and  are 
safely  able  to  use  them: 

1.  Driver  confidence  in  the  system  could  possibly 
be  enhanced  by  providing  green  bands  only  when 
a  vehicle  is  on  the  ramp,  thus  leading  ramp 
drivers  to  the  conclusion  that  the  system  is 
in  fact  able  to  detect  their  presence  and  is 
considering  it  in  programming  the  merge  maneu- 
ver. 

2.  Green  bands  in  the  current  Tampa  system  and 
in  its  earlier  Woburn  counterpart  are  gener- 
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ated  in  response  to  freeway  gaps  only,  and  do 
not  consider  motions  or  the  absence  of  motions 
of  ramp  vehicles  on  the  ramp,  e.g.,  bands  are 
propagated  continually  in  the  moving  mode  of 
operation  even  when  ramp  vehicles  are  stopped 
on  the  ramp.   Thus,  green  bands  under  these 
conditions  can  lead  the  drivers  of  upstream 
ramp  vehicles  into  the  rear  end  of  stopped  ve- 
hicles on  the  ramp,  creating  a  potential  safety 
hazard.   The  related  problem  of  green  band 
propagation  into  stopped  vehicles  in  the  merge 
area  has  been  solved  in  the  Tampa  system  by  the 
use  of  the  band  masking  logic  based  on  merge 
area  presence  detector  occupancy  as  discussed 
in  Chapter  3,   This  concept  of  band  masking 
in  response  to  the  detection  of  stopped  vehicles 
on  the  ramp  could  be  extended  upstream  of  the 
merge  area  and  used  to  inhibit  the  propagation 
of  green  bands  into  ramp  vehicles  which  are 
stopped  anywhere  along  the  ramp. 

3,   Bands  on  the  display  generated  only  in  res- 
ponse to  ramp  vehicle  demand  for  such  bands 
would  save  the  electrical  energy  used  to  il- 
luminate bands  when  no  ramp  vehicles  are  pres- 
ent.  The  magnitude  of  the  projected  power  con- 
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sumption  reduction  here  is  not  as  great  as  one 
might  expect,  however,  as  a  considerable  power 
level  is  required  to  keep  the  high-intensity 
flashing  ballasts  and  bulbs  of  the  Tampa  dis- 
play element  ready  to  be  controlled  at  the 
rates  used  by  the  control  logic. 

4.   A  system  design  involving  the  generation  of  bands 
only  when  needed  would  have  the  potential  for 
freeing  blocks  of  computer  processing  time  dur- 
ing periods  of  light  ramp  demand  which  could 
then  be  used  for  running  other  computer  pro- 
grams in  a  background  mode.   This  is  a  weak 
argument  when  considered  in  terms  of  the  dedi- 
cated mini-computer  used  to  control  the  Tampa 
ramp,  but  could  become  stronger  if  one  were 
interested  in  controlling  several  ramps  with 
a  larger  machine. 

Improved  Strategies 
for  System  Mode  Control 

As  reviewed  earlier  in  Chapters  2  and  3,  the  capa- 
bility for  switching  between  the  various  operating  modes  in 
response  to  changing  freeway  traffic  conditions  was  included 
in  both  the  Woburn  and  Tampa  Green  Band  Systems.   In  both 
implementations,  the  freeway  state  variables  of  average  ve- 
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hicle  velocity  upstream  of  the  merge  area  and  combined  free- 
way and  merging  volume  downstream  of  the  merging  area  were 
used  to  operate  the  mode  transition  logic  (although  the 
Woburn  volume  logic  was  disabled,  as  discussed  before). 

Observations  of  the  Tampa  system  public  operation 
have  suggested  a  need  for  improved  mode  transition  logic  to 
make  the  ramp  control  algorithm  more  responsive  to  the  on- 
set of  ramp  congestion.   For  example,  in  the  current  control 
software,  ramp  congestion  per  se  is  not  evaluated  directly, 
but,  rather,  increasing  freeway  volumes  and/or  decreasing 
freeway  velocities  are  used  to  infer  the  onset  of  congestion. 
When  certain  threshold  values  for  these  parameters  are  reached , 
the  system  is  commanded  to  begin  the  transition  phase  to  the 
next  appropriate  mode.   While  this  strategy  performs  reason- 
ably well  most  of  the  time,  vehicle  queueing  on  the  ramp  can 
occur  without  an  appropriate  control  system  response  to  han- 
dle it.   For  example,  during  moving  mode  operation,  timid 
drivers  waiting  in  the  merge  area  for  relatively  large  free- 
way gaps  can  initiate  the  formation  of  a  queue  of  vehicles 
which  extends  back  up  the  ramp  into  the  display  area.   If 
freeway  velocities  remain  high  in  such  situations,  the  sys- 
tem remains  in  moving  mode  operation,  and  bands  are  continu- 
ally being  generated  which  tend  to  add  vehicles  to  the  queue. 
Recall  that  if  any  of  the  merge  area  sensors  are  occupied 
for  more  than  five  consecutive  seconds,  the  bands  are  not 
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displayed  again  until  all  sensors  in  the  merge  area  are 
free,  but  the  system  remains  in  moving  mode  and  the  ramp 
signal  rests  in  green.   A  more  appropriate  system  response 
in  such  cases  would  be  to  drop  to  the  stopped-gap  metering 
mode  to  inhibit  queue  development  in  the  merge  area,  thus 
allowing  the  accumulated  congestion  to  clear.   As  no  method 
of  detecting  queue  formation  on  the  ramp  is  currently  im- 
plemented, the  system  is  constrained  to  hold  the  current 
mode  until  freeway  conditions  change. 

A  problem  related  to  the  one  discussed  above  is  the 
situation  where  the  stopped-gap  mode  of  operation  has  been 
active  for  a  period  of  time  and  freeway  traffic  has  been 
heavy  enough  to  cause  the  formation  of  a  queue  of  vehicles 
in  the  merge  area  waiting  for  suitable  gaps.   (Recall  that 
in  SG  operation,  if  the  system  is  unable  to  find  an  accept- 
able gap  for  a  vehicle  stopped  at  the  ramp  signal,  the  ve- 
hicle is  released  after  a  maximum  wait  at  the  signal  to 
negotiate  a  merge  without  system  assistance.)   Then,  as 
freeway  traffic  eases,  such  as  it  does  at  the  end  of  peak 
periods,  the  system  transitions  to  the  moving  mode  of 
operation  without  regard  for  any  vehicles  which  may  be  backed 
up  on  the  ramp  from  the  merge  area.   In  this  instance,  the 
bands  can  direct  moving  ramp  vehicles  into  the  rear  of 
stopped  vehicles,  causing  potential  accident  conflicts  to 
develop. 
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What  is  needed  then,  is  an  on-line  method  for  the 
detection  of  ramp  queueing  (or  congestion)  which  can  be  used 
to  augment  the  mode  switching  logic  based  on  freeway  measure- 
ments.  Several  methods  for  accomplishing  this  function  are 
available,  and  could  be  implemented  in  the  control  software 
without  substantially  increasing  the  computing  workloads. 

Ramp  congestion  could  be  detected  by  monitoring 
sensor  counts  throughout  the  length  of  the  ramp  and  using 
these  data  to  determine  the  number  of  vehicles  stored  in 
each  segment  of  the  ramp.   Then,  if  the  values  for  predicted 
ramp  storage  exceeded  preset  thresholds,  the  system  could  be 
commanded  to  begin  the  transition  from  moving  mode  to  stopped- 
gap  operation  to  clear  the  congestion.   After  the  congestion 
had  cleared,  and  assuming  the  freeway  variables  allowed  it, 
the  system  could  be  directed  to  re-enter  moving  mode  opera- 
tion. 

Another  method  for  detecting  ramp  congestion  would 
consist  of  the  computation  of  the  occupancy  times  for  the 
ramp  sensors  over  some  averaging  period.   Then,  as  with  the 
other  method,  a  set  of  threshold  values  for  mode  switching 
could  be  used  to  initiate  transitions  to  higher  or  lower 
operating  modes  (e.g. ,  SG  to  MM  or  MM  to  SG) . 

One  factor  with  respect  to  the  mode  control  of 
future  merging  control  systems  hardware  that  should  be  men- 
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tioned  is  the  requirement  for  a  capability  for  the  use  of 
external  mode  control  commands  to  direct  the  operations  of 
such  systems.   As  centralized  freeway  surveillance  and  con- 
trol systems  gain  widespread  acceptance  and  use,  it  will 
be  necessary  to  be  able  to  direct  the  operations  of  freeway 
ramps  from  a  remote  location,  controlling  parameters  such 
as  metering  rates  to  achieve  system  performance  optimiza- 
tion. 


Future  Merge  Control 
System  Hardware  Considerations 


As  discussed  earlier,  the  primary  goal  of  the  Tampa 
Green  Band  System  Research  Project  is  to  determine  the  feasi- 
bility of  improving  traffic  problems  associated  with  merging 
operations  at  freeway  entrance  ramps  without  reconstruction. 
Should  merge  control  systems  prove  to  be  an  effective  means 
of  reducing  these  problems,  True  and  Rosen  [87]  suggest  that 
future  installations  of  merge  control  systems  will  use  pack- 
aged controller  hardware,  similar  in  concept  to  current  sys- 
tems used  for  controlling  traffic  at  urban  intersections. 
This  section  will  present  a  proposed  design  for  such  a  con- 
troller unit,   based  on  a  consideration  of  the  essential 
control  functions  performed  by  the  current  Tampa  hardware. 
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Consider  the  core  map  for  the  Tampa  Green  Band 
System  Control  Program,  which  appears  in  Table  8.   It  is 
possible  to  obtain  an  estimate  of  program  and  data  storage 
requirements  for  future  moving  merge  control  hardware  by 
identifying  these  programs  and  data  storage  areas  related 
strictly  to  the  research  orientation  of  the  current  Tampa 
system,  and  then  by  subtracting  the  total  memory  space  re- 
quired for  these  functions  from  the  16K  (16,384  words) 
memory  used  in  the  Tampa  system.   As  the  control  programs 
are  written  in  machine  language  code,  their  current  sizes 
may  be  considered  as  being  representative  of  lower  bounds 
on  the  sizes  of  programs  written  to  do  the  same  job  in  a 
higher  level  language,  such  as  FORTRAN. 

A  significant  block  of  memory  space  in  the  Tampa 
system  is  used  for  data  logging  purposes.   There  is  no  need 
for  an  equivalent  data  logging  function  in  a  stand-alone 
merging  control  system  of  the  future,  since  the  system 
design  will  have  been  configured  and  evaluated  in  research 
projects  as  the  one  described  in  this  thesis.   Elimination 
of  the  DATA  LOGGER  routine  and  the  two  magnetic  tape  data 
buffers  from  the  system  core  map  shown  in  Table  8  would  allow 
a  total  reduction  of  3,375  (decimal)  words  of  memory  space. 

Next,  there  is  no  need  for  a  situation  display 
board  such  as  the  one  used  in  the  Woburn  and  Tampa  research 


305 


Table  8 
Tampa  Green  Band  System 
Control  Program  Core  Map 


PROGRAM  NAME 


EXECUTIVE/INPUT  SERVICE 

free  area 

MULTIPLY-DIVIDE 

free  area 

OPERATOR  MONITOR 

free  area 

GREEN  BAND  UPDATE 

free  area 

SENSOR  CHECKOUT 

free  area 

HIGHWAY  VEHICLE  PROCESSOR 

free  area 

SITUATION  DISPLAY 

free  area 

DATA  LOGGER 

free  area 

GREEN  BAND  STATUS 

free  area 

VELOCITY-VOLUME 

free  area 

TABLE  COPY 

free  area 

FAULT  MONITOR 

free  area 

DATA  LOGGER  MAG  TAPE  BUFFER  0 

DATA  LOGGER  MAG  TAPE  BUFFER  1 

free  area 

LOAD  AND  DUMP 

free  area 


START 

END 

LENGTH 

ADDRESS 

ADDRESS 

(DECIMAL 

(HEXADECIMAL 

VALUES ) 

WORD  COUNT) 

0 

3B6 

951 

3B7 

48F 

217 

490 

53C 

173 

53D 

5BF 

131 

5C0 

7F9 

570 

7FA 

7FF 

6 

800 

ADD 

734 

ADE 

AFF 

34 

BOO 

B12 

19 

B13 

B7F 

109 

B80 

FD0 

1105 

FD1 

FFF 

47 

1000 

15C8 

1481 

15C9 

15FF 

55 

1600 

177G 

375 

1777 

17FF 

137 

1800 

1F39 

1850 

1F3A 

1FFF 

198 

2000 

236B 

876 

236C 

2  3FF 

148 

2400 

24A6 

167 

24A7 

27FF 

857 

2800 

2ACC 

717 

2ACD 

332F 

2147 

3330 

390B 

1500 

390C 

3EE7 

1500 

3EE8 

3EFF 

24 

3F00 

3FF2 

243 

3FF3 

3FFF 

13 

TOTAL  CORE 


16,384 
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projects  in  a  future  merge  control  system,  as  this  board 
primarily  represents  a  demonstration  and  analysis  tool  for 
the  study  of  the  current  system  implementation.   The  elimina- 
tion of  the  situation  display  board  control  program  would 
have  the  effect  of  freeing  1,481  words  of  memory  space  re- 
quirements.  Also,  in  an  operational  merge  control  system 
not  involving  a  research  application,  there  is  no  need  for 
an  operator  change  and  inspect  subroutine  (OCIS)  to  permit 
operator  communications  with  the  system,  as  what  will  prob- 
bly  be  used  to  implement  system  parameter  changes  in  the 
future  will  be  something  on  the  order  of  a  programmable 
memory  element  which  could  be  updated  at  a  central  shop  lo- 
cation and  taken  to  the  field  and  installed  in  the  merge 
control  system  hardware  simply  by  pulling  out  the  existing 
memory  unit  and  plugging  in  the  new  one.   The  elimination 
of  OCIS  would  save  57  0  words. 

The  use  of  a  programmable  read-only  memory  (PROM) 
for  program  storage  in  future  systems  would  mean  that  the 
control  program  would  not  have  to  be  re-entered  into  the 
system  prior  to  each  day's  operations  or  after  a  power  fail- 
ure.  The  use  of  this  feature  would  save  at  least  243  words 
of  core  in  the  Tampa  system  (note  the  LOAD  AND  DUMP  program 
for  processing  paper  tape  input  and  output  in  Table  8) . 
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Recall  the  earlier  discussion  of  the  processing 
functions  of  the  VELOCITY -VOLUME  subroutine  in  the  Green 
Band  Control  Program  (not  modified  in  its  basic  design 
philosophy  for  Tampa)  used  a  table  of  600  words  of  core 
memory  to  store  freeway  vehicle  velocity  and  sensor  re- 
port timing  data.   Then,  on  each  entry  to  the  routine, 
this  table  was  scanned  to  prepare  a  velocity  average  for 
the  last  three  minutes  of  vehicle  data.   Consider  an  al- 
ternate velocity  averaging  scheme  using  exponential  smooth- 
ing over  a  number  of  vehicles  of  the  form: 


VBAR,     =  (a)  (VNEW)  +  (1-a)  (VBAR  )  , 

k  + 1  k 

where     VBAR    =  new  value  for  average  freeway  velocity, 

VBAR   =  old  value  for  average  freeway  velocity, 
k 

VNEW  =  new  individual  vehicle  velocity  measure- 
ment 


a  =  smoothing  parameter,  (0  <  a  <  jj 

It  would  be  possible  to  eliminate  the  600-word  data 
table  using  this  approach,  as  all  past  data  values  are  essen- 
tially represented  in  the  value  of  VBAR  ,  and  the  size  of 
the  control  program  could  therefore  be  reduced  by  a  corres- 
ponding amount. 
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Other  routines  and  free  storage  areas  could  be  elim- 
inated in  future  systems  to  save  additional  space.   For  exam- 
ple, there  is  a  free  core  area  of  2,147  words  between  the 
FAULT  MONITOR  program  and  the  magnetic  tape  data  buffers 
which  could  be  eliminated.   In  addition,  if  the  control 
computer  used  in  the  future  merge  system  design  has  hard- 
ware multiply  and  divide  instructions,  the  MULTIPLY-DIVIDE 
program  to  implement  these  functions  in  software  could  be 
dropped,  saving  another  17  3  words. 

The  accurate  prediction  of  memory  space  requirements 
for  programs  written  for  the  Raytheon  704  computer  is  com- 
plicated to  some  extent  by  the  hardware  addressing  scheme 
used  in  the  machine.   The  memory  is  organized  into  "pages," 
each  of  which  is  2,048  decimal  words  long,  and  for  efficient 
operation,  most  program  data  referencing  should  be  done  with- 
in a  given  word  page  to  avoid  the  need  for  extra  program 
steps  used  strictly  for  addressing  data  outside  the  current 
page.   The  net  effect  of  this  machine  architecture  is  to 
make  it  almost  mandatory  to  start  long  programs,  such  as  GBS , 
on  a  word  page  boundary.   The  implications  of  this  require- 
ment to  the  analysis  of  minimum  core  space  for  a  merge  con- 
trol system  in  this  section  is  that  not  all  of  the  core  map 
in  Table  8  marked  as  free  areas  can  be  eliminated,  as  some 
wasted  space  between  the  end  of  the  programs  and  the  begin- 
ning of  the  next  usable  word  page  or  byte  page  boundary  is 
required  due  to  the  considerations  discussed  above. 
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Consideration,  however,  of  the  projected  core  sav- 
ings outlined  above  as  being  achievable  through  non-essential 
program  elimination  and  program  data  tailoring  leads  to  the 
conclusion  that  8K  (8,192  words)  memory  would  be  sufficient 
to  operate  a  green  band  control  system  at  an  isolated  ramp 
location.   Some  6K  words  of  this  total  requirement  would  be 
used  for  program  and  constant  storage,  which  could  be  in 
PROM,  and  2K  words  of  random  access  read-write  memory  (RAM) 
would  be  needed  for  the  storage  of  variable  values  which 
change  as  the  system  operates. 

Given  these  memory  requirements,  Figure  72  repre- 
sents a  schematic  diagram  of  a  stand-alone  moving  merge 
controller  using  micro-computer  technology  as  the  central 
control  element  [97-107] .   The  system  outlined  would  have 
a  capability  equivalent  to  that  represented  by  the  current 
Tampa  system,  if  the  research-oriented  facilities  were  elim- 
inated, as  discussed  above.   Note  that  only  two  16-bit  words 
would  be  used  for  sensor  processing,  as  the  evaluation  loops 
on  the  ramp  and  freeway  and  the  sonic  detectors  in  the  merge 
area  in  the  Tampa  system  would  not  be  needed.   Note  also 
that  eleven  16-bit  words  would  be  used  for  ramp  sign  display 
control  assigned  as  follows: 

1.   10  words  (160  bits)  for  green  band  display  bulb 
control  (only  152  bulbs  are  used  for  the  green 
band  display  in  Tampa) . 
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FREEWAY  AND 
RAMP  SENSORS 


16-BIT  DATA  BUS 


16-BIT  ADDRESS  BUS 
4-BIT  CONTROL  BUS 


CPU  INTERRUPTS 


REAL-TIME  CLOCK 


FAULT  >DNITOR 


2K  16-BIT  RAM 
(DATA  STORAGE) 


6K  16 -BIT  PROM     |- 
(PROGRAM  STORAGE)  [~ 


INPUT  BUFFERS 
(2  16-BIT  WORDS) 


DRIVER  DISPLAY 
AND  RAMP  SIGNS 


COMMUNICATIONS 
LINK  TO  CENTRAL 
CONTROL  SYSTEM 


OUTPUT  BUFFERS 
(11  16-BIT  WORDS) 


^J    I/O  BUFFERS, 
,    DATA  STORAGE 
—     DEVICE 


Figure    72.       Schematic    Diagram   of  Moving  Merge    Controller   Us- 
ing  Micro-Computer   Technology 


311 


2.   1  word  (16  bits)  of  sign  control  data,  as 
follows: 

a.  1  bit  for  ramp  yield  sign  control, 

b.  2  bits  for  the  driver  advisory  sign, 
coded  as: 

00  -  sign  off 

01  -  display  "DRIVE  BESIDE  GREEN 

BAND" 

10  -  display  "PREPARE  TO  STOP" 

11  -  spare 

c.  2  bits  for  the  ramp  traffic  signal, 
coded  as : 

00  -  display  flashing  amber  indi- 

cation 

01  -  display  red  indication 

10  -  display  solid  amber  indica- 

tion 

11  -  display  green  indication 

Note  that  only  five  bits  in  the  eleventh  field  con- 
trol word  would  actually  be  needed  for  controlling  the  signs 
used  in  a  Tampa-equivalent  system.   The  remaining  bits  would 
be  available  for  other  purposes,  such  as  transmitting  sys- 
tem status  information  to  a  remote  location,  or  possibly 
signalling  a  need  for  maintenance  if  the  built-in  fault  moni- 
toring circuitry  detected  a  problem  with  the  hardware. 
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While  not  included  in  the  cost  estimates  to  be 
developed  later,  the  hardware  shown  below  the  dashed  line 
in  Figure  72  could  be  included  in  a  future  merging  control- 
ler to  interface  the  unit  to  a  centralized  freeway  sur- 
veillance and  control  system  monitoring  a  network  of  free- 
ways and  ramps.   All  that  would  be  required  to  accomplish 
this  function  is  a  set  of  buffers  to  hold  information  to  be 
transmitted  to  the  central  unit  (or  received  from  the  cen- 
tral unit)  and  a  relatively  small  software  routine  to  initi- 
ate a  transfer  of  information  in  the  appropriate  direction 
when  activated  at  fixed  time  intervals  by  the  ramp  controller 
clock,  or  when  the  controller  was  polled  by  the  master  con- 
trol computer.   If  the  controller  was  intended  for  use  in  a 
generalized  traffic  data  collection  system  application,  it 
would  be  possible  to  include  a  small  digital  cassette  tape 
unit  or  "floppy-disk"  drive  in  the  unit  to  accumulate  traf- 
fic data  for  subsequent  transfer  to  a  centralized  location 
during  off-peak  hours  of  ramp  operation  when  the  computing 
workloads  on  the  system  were  lower. 

The  green  band  control  program  simulation  model 
discussed  earlier  provides  an  effective  tool  for  establish- 
ing performance  boundaries  on  computing  hardware  require- 
ments for  controller  functions  in  future  merging  control 
systems.   For  example,  green  band  flow  characteristics  on  the 
driver  display  as  a  function  of  calling  rates  of  the  GBS  and 
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GBUD  routines  could  be  simulated  to  determine  the  subroutine 
timings  required  in  the  operational  software  to  achieve 
specified  levels  of  band  quality.   Since  the  processing 
speed  of  the  computing  equipment  required  to  perform  these 
functions  is  directly  related  to  the  frequency  with  which 
these  routines  are  called,  the  use  of  lower  scanning  rates 
would  allow  slower  computing  hardware  to  be  used,  other  fac- 
tors being  equal. 

For  conservative  design,  and  to  insure  an  adequate 
processing  capability  for  the  proposed  controller  outlined 
in  this  section,  however,  it  was  decided  to  select  a  computer 
with  a  speed  and  performance  approximately  equivalent  to  that 
of  the  Raytheon  7  04  computer  used  in  the  Tampa  system.   Con- 
trol program  timing  is  an  important  design  constraint,  since 
the  Tampa  system  always  enters  GBS  for  full  band  processing 
as  opposed  to  the  Woburn  system  feature  of  doing  band  pro- 
cessing only  when  new  sensor  data  was  available. 

Microcomputers  are  attractive  for  use  in  stand- 
alone traffic  systems  applications  primarily  because  of  the 
low  purchase  costs  associated  with  these  units  (less  than 
$100  in  quantities  of  100  or  more) .   Instruction  cycle 
times  of  first  and  second  generation  microprocessors  are 
typically  on  the  order  of  10-20  microseconds,  which  is  ade- 
quate for  applications  such  as  intersection  signal  control 
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or  simple  traffic  surveillance,   However,  the  amount  of  com- 
putation associated  with  freeway  vehicle  tracking  and  dis- 
play control  functions  made  their  use  in  merge  control  sys- 
tems infeasible,  until  the  announcement  of  the  third  genera- 
tion of  microprocessor  technology  in  1974.   The  third  genera- 
tion typically  uses  BIPOLAR  LSI  (Large  Scale  Integration) 
technology  to  achieve  processing  speeds  in  the  1  microsecond 
range  [98]  . 

One  such  third-generation  microprocessor  is  the 
"RP-16  MICROPROCESSOR  SET,"  announced  by  the  Semiconductor 
Division  of  the  Raytheon  Corporation  in  June,  1974  [106]. 
This  device  uses  seven  LSI  integrated  circuits  of  four  cir- 
cuit types  to  implement  the  required  processing  functions 
for  a  general-purpose  binary  computer  with  a  16-bit  word 
size,  a  32-member  instruction  set,  and  a  basic  instruction 
cycle  time  of  1  microsecond.   Other  features  of  this  pro- 
cessor set  include  the  ability  to  operate  from  a  single 
five-volt  power  supply,  two-level  interrupt  logic,  eleven 
program  addressing  modes,  and  the  ability  to  meet  military 
standards  for  operating  temperature  range  performance.   Data 
and  control  information  are  transmitted  on  a  16-bit  asyn- 
chronous data  bus,  a  16-bit  address  bus,  and  a  4-bit  control 
bus.   As  relatively  complete  descriptive  information  on  this 
unit  was  available  (except  for  the  initial  market  price) , 
it  was  used  as  a  representative  control  computer  for  the 
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packaged  merge  controller,   Note  that  the  processing  speed 
of  the  RP-16  is  roughly  the  same  as  that  of  the  704,  al- 
though the  74-member  instruction  set  of  the  704  gives  it  an 
advantage  in  programming  flexibility. 

Two  versions  of  the  RP-16  will  be  produced.   Model 
A  has  an  instruction  set  oriented  to  arithmetic-intensive 
operations,  including  MULTIPLY  and  DIVIDE  instructions,  and 
can  directly  address  up  to  64K  words  of  memory.   Model  B 
is  oriented  to  byte  handling  and  thus  is  useful  in  communi- 
cations systems  message  processing  applications.   Model  A 
would  be  used  for  a  merge  controller  application,  primarily 
due  to  its  hardware  multiply  and  divide  capabilities. 

Given  a  basic  description  of  the  RP-16  capabilities, 
then,  consider  how  the  merge  controller  diagrammed  in  Figure 
72  would  perform  the  ramp  control  function.   As  in  the  cur- 
rent Tampa  Green  Band  System,  a  crystal-controlled  oscilla- 
tor circuit  would  interrupt  the  RP-16  at  some  predetermined 
system  clock  rate.   The  RP-16  would  then  call  an  Input  Ser- 
vice Routine  to  acquire  the  current  status  of  the  field 
sensors  and  check  this  information  against  the  values  used 
at  the  last  interrupt  to  detect  sensor  events.   Tables 
of  completed  sensor  reports  would  be  passed  to  a  Highway 
Vehicle  Processing  Routine  to  be  translated  in  freeway  data 
tables,  and  the  Green  Band  Status  and  Green  Band  Update 
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routines  would  function  in  exactly  the  same  manner  as  their 
current  counterparts  to  generate  bands  and  propagate  them 
along  the  ramp  display. 

Note  the  absence  of  data  paths  specifically  restrict- 
ed to  input  and  output  operations  in  Figure  72.   As  mentioned 
earlier,  all  information  passed  to  and  from  the  RP-16  card 
is  transmitted  on  a  single  16-bit  data  bus.   Thus,  the  sen- 
sor input  buffers  and  ramp  display  output  buffers  would  look 
like  memory  locations  to  the  RP-16,  and  data  transfer  would 
be  accomplished  simply  by  loading  the  appropriate  address  of 
the  source  or  destination  of  a  16-bit  word  on  the  address 
bus,  and  then  sending  a  read  or  write  command  along  the  con- 
trol bus  to  initiate  the  transfer  operation.   Since  all  of 
the  components  of  the  controller  are  connected  to  the  various 
buses  at  all  times,  address  decoding  logic  is  used  to  select 
which  unit  is  to  be  currently  active. 

As  the  controller  unit  is  designed  for  unattended 
field  operation,  the  fault  monitoring  circuitry  is  of  par- 
ticular importance.   Program  timing  can  be  monitored  in  much 
the  same  fashion  as  is  done  in  the  current  system  by  re- 
setting a  timing  circuit  at  each  clock  interrupt  and  halting 
the  system  operations  if  the  timer  should  ever  reach  a  zero 
condition  as  a  consequence  of  not  being  reset  within  a 
given  time  period.   Similarly,  sensor  performance  could  be 
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monitored  by  checking  vehicle  counts  at  each  sensor  station 
against  those  reported  at  its  neighbors,  and  shutting  down 
system  operation  if  error  tolerances  were  exceeded. 

Power  fail-safe  capabilities  would  need  to  be  im- 
plemented in  the  external  controller  circuitry,  as  the  RP-16 
does  not  have  this  option.   A  simple  voltage  level  test 
could  be  used  to  signal  the  CPU  when  the  power  had  dropped 
below  unacceptable  levels,  and  an  orderly  shut-down  sequence 
could  be  initiated.   Then,  when  power  was  restored,  the 
initialization  mode  could  be  entered  to  resume  normal  sys- 
tem operation. 

Again,  to  meet  the  requirements  of  unattended  field 
operation  for  the  controller,  some  means  of  turning  the  ramp 
control  system  on  and  off  each  day  would  be  needed,  assuming 
24-hour  operation  was  not  required.   Several  options  are 
available  for  doing  this  function,  including  the  use  of  con- 
ventional traffic  signal  timing  mechanisms  used  to  change 
signal  patterns  for  peak  and  off-peak  conditions,  which 
could  easily  be  adapted  to  the  application.   Similarly,  24- 
hour  clock  timing  circuits  are  available  on  integrated  cir- 
cuit chips,  and  could  be  used  in  conjunction  with  pre- 
stored  system  operating  time  data  values  in  PROM  memory  to 
regulate  system  operations  electronically. 
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The  relatively  low  power  consumption  of  the  solid- 
state  logic  in  the  controller  unit  would  allow  the  use  of 
a  storage  battery  in  the  cabinet  to  maintain  data  storage 
in  the  RAM  during  short  periods  of  power  interruption.   The 
provision  of  a  battery  would  also  allow  the  timing  circuitry 
to  be  kept  running  during  these  periods  to  avoid  the  need 
for  maintenance  attention  after  each  power  failure  to  reset 
the  time-of-day  clocks  to  the  appropriate  value.   Automatic 
circuitry  could  be  provided  to  keep  the  battery  at  a  fully- 
charged  condition  when  power  was  available. 

Figure  73  shows  the  projected  configuration  of  the 
stand-alone  ramp  controller.   A  cabinet  five  feet  high,  three 
feet  wide,  and  two  feet  deep  could  easily  house  the  required 
equipment.   Some  means  of  cooling  the  electronic  circuitry 
would  probably  be  required,  but  advances  in  semi-conductor 
technology  over  the  next  few  years  may  drop  this  requirement 
to  the  simple  provision  of  blowers  in  the  cabinet  to  main- 
tain air  circulation  (temperatures  in  the  field  detector 
cabinets  in  Tampa  have  been  recorded  in  excess  of  140°F  on 
sunny  days  with  the  cooling  fans  in  operation) .   At  present, 
however,  a  5,000-BTU  air  conditioner  unit  would  be  an  in- 
expensive and  effective  choice  for  a  cooling  unit  for  the 
controller  housing. 
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Figure    73.      Projected  Configuration  of   Packaged  Moving  Merge 
Controller 
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Electronic  circuitry  would  be  housed  on  printed 
circuit  boards  with  edge-mounted  connectors  for  insertion 
into  a  card  rack  running  along  the  bottom  of  the  cabinet. 
Test  points  would  be  provided  into  the  signal  paths  between 
the  cards  to  facilitate  servicing  operations. 

Electrical  isolation  hardware  would  be  provided 
on  a  panel  at  the  back  of  the  cabinet,  perhaps  accessible 
through  a  rear  door.   This  hardware  would  include  lightning 
arrester  units  [95]  on  each  of  the  incoming  sensor  cable 
lines  and  on  each  of  the  outgoing  display  control  lines. 

Table  9  presents  an  estimated  cost  breakdown  for 
the  packaged  moving  merge  system  control.   This  informa- 
tion was  projected  from  current  integrated  circuit  pricing 
information  and  represents  early  1975  prices  for  all  com- 
ponents.  As  noted  in  the  table,  Raytheon's  Semiconductor 
Division  has  not  yet  released  pricing  information  for  the 
RP-16  microprocessor  set,  and  the  indicated  cost  shown  is 
a  conservative  estimate,  based  on  released  prices  of  similar 
products  [99].   Also,  the  engineering  and  manufacturing 
overhead  allowance  of  twice  raw  component  cost  is  only  an 
estimate,  but  is  in  line  with  general  electronic  industry 
guidelines  for  such  hardware. 

A  generalized  cost  comparison  between  the  current 
green  band  system  control  equipment  and  the  projected  con- 
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Table  9 
Estimated  Cost  Breakdown  for 
Packaged  Moving  Merge  System  Controller  (1 ' 


ITEM 


COST  (DOLLARS) 


CPU  CARD 

REAL  TIME  CLOCK 

FAULT  MONITOR 

2K  RAM  MEMORY 

6K  PROM  MEMORY 

INPUT  BUFFERS 

OUTPUT  BUFFERS 

POWER  SUPPLY 

CARD  RACK 

ELECTRICAL  ISOLATION  CIRCUITRY 

COOLING  UNIT 

CABINET 


$  1,000(2) 
100 
200 
750 
1,000 
200 
500 
300 
200 
750 
200 
750 


TOTAL  COMPONENT  COST:  $  5,950 

ENGINEERING  AND  MANUFACTURING 

ALLOWANCE  (AT  TWICE  COMPONENT  COST):  $11,900 

TOTAL  PROJECTED  COST:  $17,850 


Notes 
(1) 

(2) 


Does  not  include  interface  equipment  for  use  in  a 
freeway  surveillance  and  control  system  application. 
Price  data  is  not  yet  available  for  the  RP-16  from 
Raytheon.   This  is  a  conservative  estimate  based  on 
the  current  prices  of  comparable  units. 
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troller  is  possible,  but  it  should  be  noted  that  the  current 
system  hardware  represents  the  evolution  of  a  prototype 
engineering  test  system  into  an  operating  ramp  control  sys- 
tem, and  no  specific  attempt  was  made  to  achieve  a  minimum 
cost  system  design  in  either  of  the  two  research  implementa- 
tions tested  to  date  in  Woburn  and  Tampa. 

The  Raytheon  704  computer  has  a  base  price  of 
$7,200  with  4K  words  of  16-bit  memory  [91],   Extra  memory 
is  available  in  blocks  of  4K  words  at  a  cost  of  $2,000  each, 
making  the  total  base  price  of  an  8K  machine  $9,200.   Other 
elements  of  the  current  Tampa  hardware  represented  in  the 
controller  design  include  the  Input/Output  interface  unit 
(which  also  contains  the  system  clock  circuitry) ,  and  the 
Storage  Control  Unit  (which  also  supports  the  fault  monitor 
hardware) .   A  conservative  estimate  of  the  acquisition  cost 
of  this  equipment  is  $10,000,  based  on  available  records. 
Note  also  that  the  proposed  ramp  controller  design  requires 
no  external  peripheral  hardware  such  as  that  required  to 
communicate  with  the  704,  yielding  an  additional  cost  sav- 
ings of  up  to  several  thousand  dollars,  depending  on  the 
equipment  selected  for  this  purpose.   A  teletype  ($1,000) 
could  be  used  for  program  loading,  but  the  relatively  slow 
input  speed  of  ten  frames/second  associated  with  the  tele- 
type paper  tape  equipment  makes  the  use  of  a  high-speed  pap- 
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er  tape  reader  ($2,800  [91])  almost  mandatory  for  this  appli- 
cation. 

Additional  costs  are  associated  with  the  use  of  the 
microcomputer-based  ramp  merge  control  system  hardware  in  the 
current  application.   For  example,  the  cabinets  housing  the 
computer  and  related  equipment  cost  $950  each,  the  interrupt 
system  (eight  levels)  represents  an  additional  cost  of  $400, 
and  the  power  fail-safe  option  costs  $750. 

Assuming  one  equipment  cabinet  and  the  use  of  a 
teletype  for  system  communication,  the  total  "minimum  Tampa 
ramp  controller"  cost  is  $22,300,  which  is  $4,450  higher  than 
the  projected  selling  price  of  the  controller  design  using 
microprocessor  technology.   As  microprocessor  and  associated 
semiconductor  technologies  continue  to  develop,  the  cost 
differential  between  design  concepts  for  merge  controllers 
using  minicomputers  and  those  using  microprocessors  will 
sharply  increase.   Should  the  use  of  merging  control  systems 
become  widespread,  it  is  possible  to  envision  the  development 
of  a  "ramp  controller  set,"  consisting  of  integrated  circuit 
chips,  which  would  perform  all  of  the  required  processing 
functions,  and  need  only  to  be  connected  to  sensor  and  dis- 
play control  lines  and  supplied  with  power  to  operate  a  ramp. 


CHAPTER  6 
SUMMARY  AND  CONCLUSIONS 


Summary  of  Chapter  Coverage 

Chapter  1  reviewed  previous  research  work  in  merge 
control  systems  and  in  the  traffic  flow  theory  supporting 
such  systems,  and  discussed  the  various  categories  of  ramp 
control  measures  that  have  been  proposed  to  date.   It  was 
noted  that  the  green  band  system  concept  is  representative 
of  the  more  advanced  forms  of  ramp  control  technology,  as 
it  represents  an  attempt  to  provide  driver  assistance  through- 
out the  majority  of  the  merging  maneuver.   Earlier  design 
concepts  simply  regulated  vehicle  movements  on  the  ramp  using 
standard  traffic  signals  and  left  the  merging  vehicles  to 
complete  the  merging  process  without  further  system  direc- 
tion. 

Chapter  2  discussed  two  prototype  moving-merge  con- 
trol systems  developed  and  tested  by  the  Raytheon  Corpora- 
tion in  Woburn,  Massachusetts,  on  a  ramp  with  good  geometric 
design  characteristics  and  no  associated  traffic  operational 
problems  in  handling  the  presented  merging  volumes.  A  gener- 
al driver  preference  was  noted  for  the  second  system  concept 
tested,  which  displayed  moving  bands  of  light  along  the  ramp 
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corresponding  to  acceptable  gaps  in  the  freeway  traffic 
stream  available  for  merging  vehicles.   The  operating  hard- 
ware and  software  for  this  concept,  known  as  the  Woburn  Green 
Band  System,  was  reviewed,  and  factors  relating  to  the  de- 
cision to  install  and  evaluate  a  green-band  system  at  a  ramp 
with  a  known  merging  problem  were  discussed.   The  site  se- 
lected for  this  follow-on  work  was  the  Ashley  Street  entrance 
ramp  to  1-75  in  downtown  Tampa,  Florida,  and  contractual  res- 
ponsibilities of  the  University  of  Florida  relating  to  this 
work  were  presented. 

Chapter  3  reviewed  the  hardware  and  software  changes 
from  the  Woburn  system  design  used  to  install  the  Tampa  Green 
Band  System.   Substantive  changes  were  made  in  the  control 
algorithms  used  to  operate  the  earlier  system,  including  the 
provision  for  variable-speed  green  band  progression  on  the 
field  display  to  accommodate  safe  vehicle  speed  levels  con- 
strained by  the  geometric  design  of  the  Tampa  ramp.   In  ad- 
dition, improved  logic  for  system  response  to  merge  area 
congestion  was  found  to  be  necessary,  and  was  implemented  to 
provide  additional  safety  margins  in  the  public  operation  of 
the  system. 

The  Woburn  mode  change  logic  was  found  not  to  be 
sufficiently  responsive  to  the  requirements  of  the  Tampa 
site,  and  logic  used  to  evaluate  both  freeway  vehicle  veloci- 
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ties  and  combined  ramp  freeway  volumes  in  the  mode  decision 
logic  in  the  on-line  control  program  was  discussed.   System 
features  implemented  to  reflect  the  research  orientation  of 
the  system  were  described,  including  a  new  display  mode  for 
the  situation  display  board  used  in  the  Woburn  system,  and 
improved  capabilities  for  monitoring  system  activity  in 
real-time  through  the  teletype  unit  associated  with  the  sys- 
tem. 

Chapter  4  reviewed  the  evaluation  plan  developed 
for  the  Tampa  Green  Band  System.   Considerations  relating  to 
the  need  for  improved  data-logging  techniques  in  the  on-line 
control  program  were  discussed,  and  the  design  of  new  con- 
trol program  software  to  meet  these  requirements  was  pre- 
sented. 

Techniques  for  the  analysis  of  sensor  and  system 
performance  data  tapes  generated  on-line  by  the  control  pro- 
gram were  also  discussed  in  Chapter  4.   These  techniques 
were  integrated  into  a  software  system  for  automated  merge 
control  system  performance  analysis,  and  the  operations  of 
the  various  routines  in  this  code  were  discussed.   Examples 
of  reduced  data  from  public  operation  of  the  system  were 
presented,  and  discussed  with  respect  to  their  application 
in  the  overall  evaluation  scheme. 
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Chapter  5  reviewed  design  considerations  for  future 
merge  control  system  implementations,  based  on  operating  ex- 
perience gained  with  the  public  operation  of  the  Tampa  sys- 
tem to  date.  Problems  involving  band  generation  and  stabil- 
ity on  the  field  display  were  identified,  and  factors  in  the 
control  software  design  associated  with  these  conditions  were 
discussed. 

Detector  hardware  characteristics  relating  to  the 
band  stability  problem  were  reviewed,  and  the  development 
of  a  technique  for  the  on-line  calibration  of  electrical 
length  parameters  of  freeway  sensor  stations  to  reduce  such 
conditions  was . presented . 

A  simulation  model  developed  to  facilitate  the 
operational  analysis  of  the  on-line  green  band  control  pro- 
gram was  discussed,  aid  outputs  from  the  model  representing 
system  processing  of  input  data  obtained  from  field  measure- 
ments on  actual  freeway  vehicles  in  the  Tampa  system  were 
presented.   Design  implications  of  computed  band  placements 
on  the  ramp  display  representing  deviations  from  desired 
band  activity  were  reviewed. 

Finally,  an  analysis  of  the  basic  processing  func- 
tions of  the  Tampa  Green  Band  System  in  a  non-research  im- 
plementation was  used  to  establish  a  proposed  hardware  de- 
sign for  a  packaged  moving  merge  system  controller  using 
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micro-computer  technology.   Production  costs  for  the  new 
design  were  projected,  and  its  potential  for  integration  into 
area-wide  freeway  surveillance  and  control  systems  of  the 
future  was  discussed. 

Conclusions 

The  green  band  moving  merge  control  system  concept 
originally  developed  by  the  Raytheon  Corporation  and  first 
tested  in  Woburn,  Massachusetts,  has  been  successfully  adapted 
for  use  in  controlling  merging  operations  at  the  Ashley  Street 
entrance  ramp  to  1-75  in  Tampa,  Florida.   Although  a  complete 
quantitative  performance  evaluation  of  traffic  operations  at 
the  ramp  before  and  after  the  installation  of  the  control 
system  is  beyond  the  scope  of  this  dissertation,  this  section 
will  present  the  research  findings  that  have  been  determined 
by  observation  of  the  Tampa  system  performance  in  public 
operation,  based  on  the  work  discussed  in  Chpaters  3,  4,  and 
5. 

An  unrestricted  view  of  the  ramp  approach,  ramp  dis- 
play area,  acceleration  lane,  and  upstream  freeway  area  is 
available  from  the  roof  of  the  control  center  building  hous- 
ing the  green  band  system  control  equipment.   Thus,  it  is 
possible  to  manually  track  individual  vehicles  throughout  the 
ramp  area,  and  to  correlate  their  trajectories  against  free- 
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way  gaps.   Using  this  approach,  it  is  possible  to  establish 
that  the  control  system  does  in  fact  generate  green  bands 
in  both  the  stopped-gap  and  moving  modes  of  operation  which, 
if  followed,  lead  ramp  vehicle  drivers  into  adequate  freeway 
gaps  at  the  designated  merge  point  location,  as  confirmed  by 
system  acceptance  tests  conducted  before  public  operation 
began. 

Observations  of  ramp  vehicles  made  before  the  con- 
trol system  was  in  operation  indicated  that  a  majority  of 
the  drivers  had  to  reduce  their  speed  in  the  initial  section 
of  the  ramp  to  maintain  adequate  vehicle  control,  as  evidenced 
by  the  application  of  braking  at  the  entrance  to  the  curved 
section  (determined  by  monitoring  vehicle  brake  lights  in 
this  area).   With  the  control  system  in  operation,  however, 
a  substantial  reduction  in  this  condition  was  observed  for 
those  vehicles  which  were  following  the  displayed  green 
bands.   Thus,  the  variable-speed  green  band  propagation  algo- 
rithm used  in  the  Tampa  system  control  program  appears  to  be 
a  viable  technique  for  limiting  vehicle  speeds  in  the  initial 
section  of  the  ramp,  where  the  radius  of  curvature  allows  a 
maximum  safe  speed  of  30  miles/hour. 

In  future  merging  control  systems,  strong  considera- 
tions should  be  given  to  the  use  of  a  limited  form  of  closed- 
loop  control  of  display  activity  in  both  stopped-gap  accept- 
ance and  moving  modes  of  operation.   Full  adaptive  control 
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of  band  movements  in  response  to  changes  in  ramp  vehicle 
trajectories  (e.g.,  the  Pacer  system  design  concept)  is  not 
needed  for  safe  and  effective  merging  control  operations, 
but  the  condition  frequently  noted  in  the  operation  of  the 
Tampa  system  of  bands  moving  through  stopped  or  slow-moving 
vehicles  on  the  ramp  represents  a  potential  limitation  to 
the  full  public  acceptance  of ,  and  confidence  in  the  use  of 
merge  control  systems.   Masking  logic  was  developed  for  the 
Tampa  system  green  bands  to  eliminate  this  problem  with  res- 
pect to  merge  area  congestion,  but  techniques  for  monitoring 
ramp  vehicle  activity  along  the  entire  length  of  the  ramp 
display  should  be  included  in  the  on-line  control  programs 
for  future  systems  to  allow  the  detection  of  potentially 
hazardous  conditions  on  the  ramp. 

The  Tampa  Green  Band  System  modal  response  to  traf- 
fic conditions  on  the  freeway  was  reviewed  in  Chapter  5, 
leading  to  the  conclusion  that  ramp  congestion  measurements 
should  be  used  to  augment  the  mode  decision  logic  in  the  on- 
line control  program.   Several  approaches  for  accomplishing 
this  function  were  suggested,  including  the  use  of  addition- 
al ramp  sensors  over  the  number  currently  processed  in  the 
control  algorithms  to  provide  a  capability  for  the  real- 
time detection  of  queue  formation  on  the  ramp.   Although  the 
use  of  additional  sensors  would  increase  implementation 
costs,  the  potential  increases  in  system  safety  margins  and 
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merging  capacity  achievable  with  this  approach  make  its  use 
attractive. 

Stability  of  the  ramp  display  information  has  been 
a  continuing  problem  with  the  Tampa  system  operation.   Bands 
are  frequently  observed  to  jump  back  and  forth  on  the  dis- 
play, and  to  appear  and  disappear  in  segments,  rather  than 
moving  smoothly  along  the  ramp.   The  simulation  model  for 
the  green  band  control  system  discussed  in  Chapter  5  dupli- 
cated this  behavior,  allowing  an  explanation  of  the  underly- 
ing causes  of  this  problem.   Possible  methods  of  reducing  this 
undesirable  band  activity  were  reviewed,  including  the  use 
of  additional  sensor  stations  in  the  freeway  area,  and  the 
implementation  of  some  form  of  freeway  vehicle  tracking  by 
the  on-line  control  program,  each  approach  representing  addi- 
tional computing  requirements  over  those  of  the  current  sys- 
tem implementation. 

The  future  of  moving  merge  ramp  control  systems 
appears  bright,  as  evidenced  by  the  demonstrated  capability 
of  the  Tampa  Green  Band  System  to  aid  drivers  who  follow  the 
displayed  information. 


CHAPTER  7 
AREAS  FOR  FUTURE  RESEARCH 


Several  areas  for  future  research  involving  moving 
merge  control  systems  have  been  suggested  by  operational  ex- 
perience with  the  Tampa  Green  Band  System  and  by  the  research 
activities  described  in  this  dissertation.   Perhaps  the  most 
significant  of  these  is  the  question  of  the  determination  of 
the  optimum  sensor  configurations  and  related  sensor  per- 
formance measures  under  expected  field  operating  conditions 
for  merging  control  systems. 

As  discussed  in  Chapter  3,  considerable  difficulty 
has  been  experienced  with  the  inductive  loop  detectors  in 
the  Tampa  system  as  a  result  of  the  heavy  electrical  storm 
activity  in  the  Tampa  Bay  area,  and  all  of  the  detector  sta- 
tions have  required  frequent  adjustment  to  keep  the  system  in 
operation.   Also,  detector  fidelity  in  accurately  reporting 
freeway  vehicle  characteristics  has  been  something  of  a  prob- 
lem, as  was  discussed  in  Chapter  5.   Consideration  of  freeway 
and  ramp  sensor  hardware  for  future  merge  control  systems 
based  on  physical  principles  other  than  a  change  of  induct- 
ance of  a  loop  of  wire  buried  in  the  road  surface  is  a  promis- 
ing approach  to  reducing  such  problems. 
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For  example,  Figure  74  shows  a  photograph  taken 
from  a  display  console  screen  of  the  surveillance  radar  sys- 
tem at  Tampa  International  Airport.   The  image  along  the 
8-o' clock  position  vector  on  the  screen  represents  vehicle 
movements  on  the  Howard  Frankland  Bridge  segment  of  1-75 
across  Tampa  Bay.   The  moving  target  indication  mode  of  the 
radar  system  was  activated,  reducing  the  background  clutter 
on  the  screen  from  stationary  objects,  and  the  movements  of 
vehicle  platoons  across  this  section  of  highway  were  clearly 
discernable.   It  is  interesting  to  note  that  Raytheon  had 
originally  suggested  the  possibility  of  using  a  radar  detec- 
tion system  in  the  Woburn  work,  but  hardware  problems  prohibit- 
ed the  use  of  this  approach  at  the  time,  according  to  a  per- 
sonal communication  with  J.  A.  Wattleworth.   Modern  electronic 
technology  is  developing  to  the  point  where  the  use  of  less 
expensive  radar  systems  may  well  become  feasible  in  future 
merge  control  systems,  thus  eliminating  the  need  for  discrete 
sensors  along  the  ramp  and  freeway  area  associated  with  the 
controlled  ramp.   This  would  eliminate  much  of  the  communi- 
cations hardware  costs  associated  with  a  merge  control  appli- 
cation, since  the  radar  unit  and  a  packaged  ramp  control  sys- 
tem such  as  the  one  described  in  Chapter  5  could  be  co-located 
at  a  point  near  the  ramp  display  elements.   Radar  surveillance 
would  also  allow  the  capability  for  semi-continuous  vehicle 
tracking  to  be  implemented  in  the  merge  control  algorithms, 
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Figure  74.   Photograph  Taken  from  the  Screen  of  a  Surveil- 
lance Radar  at  Tampa  International  Airport  Show- 
ing Freeway  Vehicle  Traffic  on  1-75  Across  Tampa 
Bay 
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as  new  information  on  all  vehicles  in  the  controlled  area 
would  be  available  at  each  revolution  of  the  antenna,  and 
band  quality  in  a  green  band  type  system  could  be  improved 
considerably  using  this  approach,  as  was  discussed  in  Chapter 
5. 

Given  the  use  of  discrete  sensor  technology,  however, 
the  process  of  freeway  vehicle  trajectory  estimation  needs 
considerable  refinement  to  allow  smooth  display  operations 
in  traffic-responsive  control  systems  such  as  the  green  band 
concept.   It  was  demonstrated  in  Chapter  5  that  band  pertur- 
bations on  the  display  were  caused  by  positional  updates  for 
freeway  vehicles  which  in  most  cases  could  have  been  avoided 
if  the  characteristics  associated  with-  a  given  vehicle's  ar- 
rival at  the  next  downstream  station  could  have  been  pre- 
dicted more  accurately  based  on  measurements  taken  at  the  up- 
stream station.   Results  from  car-following  theory  can  perhaps 
be  applied  here  to  establish  projected  characteristics  for 
freeway  vehicles  as  they  pass  thorugh  the  various  sensor 
stations  in  a  merge  control  system.   Then,  each  vehicle  ar- 
rival at  a  sensor  station  could  be  correlated  against  the  pre- 
dictions made  at  the  upstream  station,  and  if  the  measured 
conditions  fell  within  pre-established  control  limits  of  the 
predicted  values,  no  changes  would  be  transmited  to  the  ramp 
display  other  than  the  normal  band  progression  updates.   Thus, 
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a  smoother  and  more  consistent  operation  of  the  ramp  display 
would  be  achievable. 

As  with  any  area  of  engineering  practice,  cost  and 
performance  trade-offs  will  be  necessary  to  establish  the 
design  criteria  for  the  next  generation  of  merge  control  sys- 
tems.  For  example,  the  capability  for  vehicle  tracking  and 
classification  in  real-time  in  the  manner  described  above  will 
necessitate  additional  computational  power  over  that  needed 
by  the  current  implementation,  and  the  expected  benefits  of 
the  new  control  scheme  will  have  to  be  balanced  against  the 
possible  cost  increase  for  the  additional  or  improved  system 
hardware  required  by  the  advanced  techniques. 

With  the  continuing  evolution  of  micro-computer  pro- 
cessing techniology,  it  will  be  possible  to  consider  the  use 
of  several  dedicated  computing  elements  in  a  single  ramp 
controller,  each  serving  a  single  processing  function  such 
as  sensor  processing,  vehicle  tracking,  or  display  control. 
The  projected  cost  of  future  micro-processors  is  low  enough 
to  make  the  multiple-processor  approach  competitive  with  sys- 
tems using  a  single  larger  computer  to  perform  the  same  func- 
tions, and  computer  scientists  are  already  developing  anal- 
ytical design  trade-off  techniques  for  such  applications 
[108].   Thus,  the  packaged  controller  design  discussed  in 
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Chapter  5  may  be  implemented  with  several  micro-processor 
units  in  place  of  the  single  processing  unit  specified  to 
achieve  a  higher  level  of  computing  performance  without  sig- 
nificant cost  increases. 

Finally,  a  detailed  human-factors  evaluation  of 
the  "best"  display  element  configuration  for  use  in  moving 
merge  control  systems  is  recommended.   Considerable  work  has 
been  done  in  such  areas  as  the  determination  of  pilot  track- 
ing error  for  various  display  system  configurations  in  aero- 
space engineering  applications,  but  little  experimental  work 
has  been  performed  in  measuring  the  operational  effective- 
ness of  the  various  display  concepts  that  have  been  proposed 
for  moving  merge  systems  for  use  by  the  general  driving  pub- 
lic.  A  possible  direction  of  research  activity  here  would  be 
to  utilize  a  physical  driving  simulator  to  assess  driver/ 
display  interactions  without  incurring  the  costs  associated 
with  constructing  full-scale  displays  and  testing  them  in  the 
field.   Control  system  simulation  techniques  such  as  those 
discussed  in  Chapter  5  would  be  used  to  operate  the  test  dis- 
plays, and  much  of  the  system  evaluation  could  be  accomplished 
with  an  on-line,  real-time  implementation  of  the  techniques 
described  in  Chapter  4. 
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